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C H A P T E R
I
General introduction and outline
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Introduction
We ‘see’ the world based on the features of the objects surrounding us, e.g.,
their colour, shape, and location. The first step in the processing of visual
information occurs in the retina, which is the light-sensitive tissue at the back
of our eyeballs. The environment surrounding us reflects light that is projected
as a 2D image on the retina. These light signals are converted into neural
impulses and subsequently forwarded to the primary visual cortex. The signals
arriving at the primary visual cortex are further processed in the extrastriate
areas of our brain, in which more and more refined and specialized processing
takes place.
The process of seeing may seem effortless, but it is actually rather complex. For
example, the structure of our eyes is known to be imperfect at certain places.
An example is the blind spot, where the optic nerve leaves the eye and the
retinae thus lack light-detecting photoreceptor cells. As a result, there is a hole
in the visual field at the corresponding location of the blind spot. However, we
are normally not aware of this blind spot because our brain somehow fills in
this ‘spot’ and arrives at a complete percept. Another phenomenon that
illustrates the complexity of our visual system relates to our vivid 3D percept of
the surrounding world that we actually experience. Our visual system is
somehow capable of building up 3D representations of the surrounding
environment given the 2D images.
A further complication is that the surrounding objects are usually partly
covered or hidden by other objects, and therefore the projections of objects’
information on the retina are incomplete. That is, we mostly see only parts of
objects, yet we still have a representation of complete objects. For example, a
cat behind a picket fence is partially hidden, but is nevertheless represented as
a continuous cat rather than separated parts. The underlying mechanism of
interpreting coherent objects is one of the research topics in this thesis, and
will be introduced in more detail later on.
The question how the visual system manages to integrate all information to
arrive at vivid representations has intrigued many researchers for a long time.
The mental representation of the perceptual world is thought to be acquired
not only through signal conversion in the nervous system (i.e., the bottom-up
processing), but also shaped by, for example, a person’s knowledge (i.e., the
top-down processing). There have been fierce discussions on the possibility of
cognition having influence on perception (see for example, Firestone & Scholl,
2015; Teufel & Nanay, 2016; van der Helm, 2017). It should be noted that these
discussions partly derive from the definitions of perception and cognition, such
as when perception ends and when cognition starts in interpreting objects.
9ChapterI
Figure 1. (A) Mach bands refer to the illusory brightness that is perceived at the boundary
between adjacent gray-scale bands. The solid line indicates the physical luminance
changes while the dotted line indicates the perceived luminance changes. (B) The
Hermann grid illusion refers to the illusory appearance of gray spots perceived at the
intersections of the white bars.
Perception can be regarded as a constructive act and our perceptual
appearances can be viewed as the result of an interplay of various factors. In
this thesis, we focus on the role of low-level features, local and global structures
and knowledge in perceptual appearances. In Chapter II, we investigate the
modulatory influence of low-level features on a well known visual illusion. In
Chapter III, we study the role of local and global structures imposed by contour
arrangements and colour arrangements on the completion of partly occluded
shapes. Next in Chapter IV, we explore the effects of knowledge on a set of
stimuli in which occlusion is involved as well. In Chapter V, the results are
further discussed also in view of possible future directions.
Perceptual appearance: effects of low-level features
A specific class of perceptual appearances are so called visual illusions. A visual
appearance is often called a visual illusion when the percept deviates from
what normally could be expected based on the physical properties of a stimulus.
To illustrate this, we present two different illusory percepts in Figure 1, i.e., the
so-called Mach bands (A) and the Hermann grid illusion (B). The Mach bands
refer to the illusory brightness perceived at the boundary between adjacent
gray-scale bands (see Figure 1A). In the top of Figure 1A, several gray-scale
bands are shown. The solid line just below the bands indicates the actual
change in luminance going from left to right. The dashed line instead represents
the perceived change in luminance. Alternatively, Figure 1B, shows the
Hermann grid illusion. There, at the intersections, illusory gray dots can be
perceived especially where one is not focusing.
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Explanatory accounts for both illusions are based on ‘lateral inhibition’ of
retinal ganglion cells, which enables our nervous system to detect the contrast
even between rather similar regions. As illustrated in Figure 1A, the receptive
fields (e.g., cell 1, 2 and 3) consist of the excitatory center (+) and the inhibitory
surround (˗). The receptive field within a band, e.g., cell 1 receives the same
stimulation in their excitatory center and inhibitory surround. However, cell 2
located partly in the brighter area receives more surround inhibition, resulting
in weaker activity in this area. In a similar way, cell 3 located partly in the
darker area receives less surround inhibition, resulting in stronger activity in
this area (Holton, 1970). That is, the perceived luminance contrast between the
boundaries and their adjacent (right or left) regions, indicated in the dotted line
in Figure 1A, is determined by the excitatory neural signals in the center and
the inhibitory neural signals from the surround. Similarly, in the Hermann grid
illusion, the receptive field centered at the intersections receives more
inhibition from the surround than the receptive field lying between two black
blocks (Baumgartner, 1960). This is especially the case in the periphery due to
the fact that receptive fields are larger in the periphery as compared to the
receptive fields in the center. This also explains the disappearance of the dark
dots when trying to focus on them.
Note however that this lateral inhibition account has been challenged by Geier,
Bernáth, Hudák and Séra (2008) who showed that the illusory spots in the
Hermann grid totally disappear when the straight lines are changed into curved
ones. They argued that the main factor of the Hermann grid illusion is merely
the straightness of the edges of the grid lines (Geier et al. 2008). Still, the
contribution of those early studies on visual illusions cannot be ignored and
played a crucial role in the development and understanding of visual processes.
For example, by studying the illusory phenomenon of Mach bands, Ernst Mach
already assumed some sort of neural interaction among neighbouring regions
of an image in 1865, even without any detailed knowledge of neural tissue by
that time (Cohen & Seeger, 1970). These are just two examples proving that
visual illusions are valuable tools for scientists to probe the visual system.
Visual illusions thus become apparent when the output of the perceptual
process differs from the expected percept given particular stimulus properties.
Besides illusory brightness as shown above, this might also involve orientation
and shape properties. In Chapter II, the Fraser illusion, which involves spatial
distortions, is studied. To introduce spatial distortions, we explain a related
illusion, i.e., the Café wall illusion. In Figure 2A, in each row, there are
alternating black and white bricks, whereas their positions are shifted from the
neighbour row, resulting into the staggered rows. Each row of ‘bricks’ is
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Figure 2. The Café Wall illusion (A). The horizontal gray lines separating each row of black
and white bricks appear tilted; actually, they are parallel to each other. The original Café wall
figure observed in a Bristol Café (B). The Digital Harbour built in 2006 in Australia (C).
separated by the horizontal ‘mortar’ lines (in gray), which seem sloped or tilted.
However, the mortar lines are actually parallel to each other. This
misperception of line direction was first observed by Gregory and Heard
(1979), and was originally derived from the design in the bricks of a Café Wall
in Bristol (Gregory, 1973). About 33 years later, a modern building inspired by
the Café wall figure (see Figure 2B) was built in Australia (see Figure 2C).
To exemplify how illusions triggered different theories about the underlying
mechanisms, we mention a few approaches here dealing with this café wall
illusion. Originally, Gregory and Heard (1979) attributed this illusion to the so-
called border-locking mechanism, which states that the mortar lines with
intermediate luminance mediate the bounding borders of the white and black
bricks. According to the authors, the appearance of slanted mortar lines results
from the perceived local tilt of each brick’s border. McCourt (1983) indicated
that the local tilts are induced by brightness induction in the mortar lines.
Altogether, the source of the orientation distortion of the mortar lines was
thought to be the outcome of the integration of local tilt effects (Gregory &
Heard, 1979; McCourt, 1983; Moulden & Renshaw, 1979). Other studies,
however, showed that the misperception of orientation persists even when the
mortar lines are replaced by local patterns lacking spatial orientation, e.g.,
continuous dots, blobs and oblique bars (Kitaoka, Pinna, & Brelstaff, 2004;
Lulich & Stevens, 1989; Parlangeli & Roncato, 2008; Roncato, 2006; van Lier &
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Figure 3. The Fraser spiral illusion (Fraser, 1908). The twisted black-white cords appear
to be a spiral, although they actually comprise a set of concentric circles.
Csathó, 2006). For example, Kitaoka et al. (2004) indicated that the tilted
direction was induced by contrast polarity, i.e., the contrast between the mortar
lines in the Café Wall illusion. This approach of contrast polarity was later
modified as ‘interacting edges’, rather than the whole area of mortar lines
(Roncato, 2006). Although the phenomenon of orientation misperception has
been widely explored (for an overview, see Kitaoka, 2007), there is still no
generally accepted explanation for the Café Wall illusion.
A distinctive feature of visual illusions is the differentiation between the actual
percept and the presented stimulus, which makes them a suitable candidate to
measure effects of stimulus features versus percept. For example, manipulating
the properties of some illusory figures could create new figures giving rise to
non-illusory or illusory interpretations. That is, these figures containing the
same stimulus features might elicit different percepts, or figures containing
different stimulus features elicit the same percept. The differences observed by
comparing these figures could be related to a stimulus effect or a percept effect.
As announced, in Chapter II, we make use of a tilt illusion that elicits a
particularly strong conflict between the physical stimulus and the actual
percept, i.e., the Fraser spiral illusion shown in Figure 3 (Fraser, 1908). The
Fraser spiral illusion can be manipulated such that it elicits either non-illusory
or illusory interpretations. Therefore, the Fraser spiral illusion is ideal as a test
stimulus to test differential effects due to features/percept.
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The Fraser spiral illusion, or the Fraser illusion in short, consists of a set of
concentric circles, against a patchwork background. There are alternating
oblique dark and light parts in each circle, triggering the impression of a
twisted cord in spiral shape. If you follow one of the ‘twisted cords’ (e.g. with a
pen), you would find that there are only concentric circles. Cowan (1973)
showed that the Fraser illusion could be manipulated such that the perceived
shape was between concentric circles or one spiral. In early studies, the
inclination of the cords was found to be a crucial factor in the interpretation of
illusory spiral (Cowan, 1973; Fraser, 1908; Morgan & Moulden, 1986). Similar
to the Café Wall illusion, the local tilted black and white patterns contribute to
the orientation distortion of the cords, i.e., the illusory spiral appearance
(Kitaoka, Pinna, & Brelstaff, 2001; Pinna & Gregory, 2002).
In Chapter II of this thesis, we focus on the temporal properties of stimulus-
based processing and percept-based processing in observing Fraser-like
displays. To do this, we created three additional variants: two displays
revealing veridical percepts of concentric circles or a spiral, one display that
contains a spiral shape but reveals an illusory appearance comprising
concentric circles, i.e., a “reverse Fraser” illusion. In this way, there are two
displays revealing illusory spiral or circle perception, while two other displays
reveal veridical perception of either a circle or a spiral. This design made it
possible to distinguish effects that are exclusively related to stimulus features
from effects that are to be attributed to the illusory percept. Participants made
judgements about their percept when observing Fraser-like displays (whether
they saw a circle or a spiral), and their EEG signals were recorded at the same
time. The event-related potentials to different stimuli were compared, so as to
distinguish the neural correlates of stimulus features versus (illusory) percepts
in perceiving Fraser-like displays.
Perceptual appearance: effects of structure
To investigate the influence of structure on appearances we consider a specific
class of phenomena, namely appearances that arise when objects partly occlude
each other. It is often the case that the process of object recognition proceeds
even though some parts of the objects are missing from the retinal image. Our
visual system is capable of interpreting objects as coherent even with
segmented retinal input. That is, perceptual interpretations differ from the
physical presence. Our visual system naturally fills in the hidden parts and
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Figure 4. An arc and an adjacent gray square (A), which is preferably interpreted as a
partly hidden circle behind the gray square (B). Another interpretation could be a Pacman-
like shape and a gray square (C), which is possible but less likely.
therefore forms complete objects, rather than separate parts or fragments. This
phenomenon is referred to as amodal completion, i.e., perceiving a completed
object while only parts of that object are visible (Michotte, Thinès, & Crabbé,
1964). Figure 4 illustrates such a phenomenon of amodal completion. In this
figure, pattern A shows an arc and an adjacent gray square. It is natural to
interpret A as a partly hidden circle behind the gray square as shown in B, as
most people would do. There are also other possible interpretations such as
two separate shapes as shown in C, which is less likely though.
The ability of interpreting partly occluded objects already shows up as early as
4 months after birth (e.g., de Wit, Vrins, Dejonckheere, & van Lier, 2008;
Kellman & Spelke, 1983). The term amodal completion distinguishes itself from
modal completion, in that the completion process involves a perceptual
organization either in the background (amodal completion), or in the
foreground (modal completion); see van Lier and Gerbino (2015) for detailed
explanations. It is claimed that both modal completion and amodal completion
are perceptual completion phenomena (e.g., Kanizsa 1986). The difference
between modal and amodal completion alludes to the phenomenological
appearance. Modal completions are actually seen with apparent featural
differences, whereas amodal completion are not actually seen, although their
presence can be rather salient. Take the Kanizsa Triangle in Figure 5A for
example. The figure consists of three circle sectors (i.e., Pacman-like shapes)
and elicits a bright white triangle on top of three black circles. The bright white
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Figure 5. An illusory Kanizsa Triangle (A), which consists of three black Pacman-like
shapes. The logo of a local theatre in the city of Nijmegen (B).
triangle in the foreground results from the process of modal completion in the
absence of the optical information about its contour or edges. In contrast, the
three black circles in the background result from the process of amodal
completion in which coherent objects are perceived while parts of the objects
are hidden. In this case, the circles are partly hidden or occluded by the white
triangle. Figure 5B shows a practical application of both modal completion and
amodal completion in our life, e.g., a logo of a theater in the city of Nijmegen,
the Netherlands. The white rectangle appears to occlude three letters ‘LUX’,
while the letters are amodally completed behind the rectangle.
The completion process seems automatic and effortless, but still requires a
period of time to accomplish (for an overview see van Lier & Gerbino, 2015).
The completion process was thought to start with a 2D mosaic representation
at an early processing stage, and to develop to a complete object at a later stage
(Sekuler & Palmer, 1992). Sekuler and Palmer (1992) suggested that
completing a partly occluded disk requires about 200 ms to 400 ms. Bruno,
Bertamini, and Domini (1997) reported that it takes less time (100 ms) to
complete the partly occluded shapes containing surfaces at different depth
planes. EEG studies on the amodal completion found related ERP components
in occipital areas, peaking early at approximately 130 ms (Johnson & Olshausen,
2005) Neuroimaging studies provided evidence on how amodal completion is
represented over time (for an overview of neural mechanisms of amodal
completion, see Thielen, Bosch, van Leeuwen, van Gerven, & van Lier, 2019). In
short, the completion process requires differential time periods to arrive at
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Figure 6. Top row: Occlusion pattern A, with two possible interpretations (A1: local
completion, A2: global completion). Bottom row: Occlusion pattern B, with two possible
interpretations (B1: local completion, B2: global completion).
preferred interpretations, depending on occlusion patterns and experimental
tasks.
Previous studies on amodal completion provide various explanations based on
the structural properties of the partly occluded shapes. A major distinction
between these explanations resides in the focus either on local properties (e.g.,
edges and contours) or on global properties (e.g., overall symmetry), for an
overview see van Lier and Gerbino (2015). Figure 6 shows possible
interpretations for partly occluded shapes that are driven by either local
aspects or global aspects. For occlusion pattern A, the interpretation A1 is the
result of simple contour continuation (local completion). The interpretation A2
is completed with an indentation, which follows the global symmetry (global
completion). In occlusion pattern B, there is only one visible indentation so that
the overall symmetry property is diminished. In a similar way, the
interpretation B1 is a local completion, while the interpretation B2 is a global
completion. Notably, it is more plausible to complete the occluded part in
pattern A with an indentation rather than to complete that in pattern B with an
indentation, i.e., A2 is relatively more plausible than B2. When observing
occlusion pattern A (see de Wit el al. 2006 who tested similar patterns), the
preference of global completion A2 versus A1 is likely due to the much more
salient global properties such as symmetry. Thus, the amodal completion
process appears to be modulated by the overall structural properties i.e., the
global aspects of the partly occluded objects, not just the local aspects.
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Still, many studies advocate the importance of local cues (Boselie, 1994;
Fantoni & Gerbino, 2003; Fulvio, Singh, & Maloney, 2008; Kanizsa, 1985;
Kellman & Shipley, 1991; Kogo, Strecha, Van Gool, & Wagemans, 2010; Rubin,
2001; Wouterlood & Boselie, 1992). In contrast, other studies investigated and
emphasized the influence of global properties, such as symmetry or repetition
(Buffart, Leeuwenberg, & Restle, 1981; van der Helm & Leeuwenberg, 1996). In
addition, some studies state that both local and global properties are crucial in
yielding multiple completions (e.g., Chen, Müller, & Conci, 2016; Plomp & van
Leeuwen, 2006; Sekuler, 1994; van Lier, Leeuwenberg, & van der Helm, 1995).
It appears that both local and global completion tendencies are highly
dependent on stimulus properties.
Most studies on amodal completion have only focused on feature properties
such as contour and shape, whereas only a few studies examined the role of
inner surface properties, such as colour (e.g., Dadam, Albertazzi, Canal, &
Micciolo, 2012; Kellman & Shipley, 1991; Su, He, & Ooi, 2010; Yin, Kellman, &
Shipley, 1997). Figure 7 shows the impact of surface features on amodal
completion. The dark disk in A is preferably assigned to the front layer, while
the disk in B is preferably assigned to the back layer, i.e., the vertical rectangle
with the same granite texture as the disk itself.
Figure 7. A vertical rectangle of granite texture and a horizontal black rectangle, consisting
of a circle either in gray (A) or with granite texture (B).
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In Chapter III of this thesis, we investigate the influence of such surface
characteristics in amodal completion. More specifically, we manipulated both
colour and contour characteristics such that they could be completed in a local
or global fashion. That is, both colour completion and contour completion could
result either from a local strategy, or from a global strategy. In the experiments,
we presented a partly occluded shape, followed by a fully visible shape. The
task was to make judgements whether the second shape could be the
previously presented occluded shape, while the response times of the
participants were recorded. The logic of this task (i.e., sequential matching task)
is that preferred interpretations of the partly occluded shape would reveal
shorter response times as compared to non-preferred interpretations. Our
results show that the interpretations of the partly occluded shapes depend on
both colour and contour characteristics.
Perceptual appearance: effects of knowledge
Some visual illusions, e.g., ambiguous figures, nicely demonstrate the influence
of beliefs, experience or knowledge in interpreting objects. For example, Figure
8 shows a well-known two-tone image of a Dalmatian dog. If one is not familiar
with this picture, it is difficult to see a meaningful object in it. Once you know
there is a dog in this image, it is easy to recognize. Once the Dalmatian dog is
recognized in the image, it is often immediately seen when the image is
presented again. That is, the acquired knowledge or experience appears to
influence howwe interpret the image.
Figure 8. Ambiguous image of a Dalmatian dog.
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Knowledge often seems to play no role in interpreting partly occluded objects.
Consider Figure 9, a famous example given by Michotte et al. (1964). If we
occlude parts of shape A with for example a gray rectangle as in B, we would
perceive a triangle, as in C, and not the previously seen shape A. Apparently, in
this case, having seen a particular shape does not have an influence on the
interpretation of the partly hidden shape.
Figure 10A is another example showing the conflict between knowledge and
perception, i.e., the Kanizsa horses (after Kanizsa, 1970). One could have the
impression that behind the black occluder, there is one, single, elongated horse,
even though the elongated horse conflicts with our knowledge of the usual
shape of horses. Apparently, linear continuations of partly occluded contours
seem to compete with, or even overrule, knowledge-based expectations.
Similarly, the banana in Figure 10B is readily seen as a complete banana which
seems to ‘penetrate’ the brick (adopted from Gerbino & Zabai, 2003), even
when the brick is obviously of a much harder material than the banana. That is,
the amodal completion of the banana runs its own course, despite the specific
knowledge of material properties (i.e., material softness and hardness).
The above-mentioned examples show that influences of knowledge seem to be
absent in amodal completion. However, by simply retrieving one’s percept of
the partly occluded object we cannot rule out possible influences of knowledge.
That is, knowledge influences are sensitive to both the objects we use in the
stimuli, and the paradigms adopted in experiments. More and more studies
Figure 9. A fully visible geometric figure (A). A partly occluded figure (B). A fully visible
triangle (C). Adapted fromMichotte et al. (1964).
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support the modulatory influence of knowledge regarding our interpretation of
partly occluded objects (Hazenberg, Jongsma, Koning, & van Lier, 2014;
Hazenberg & van Lier, 2016; Vrins, de Wit, & van Lier, 2009; Yun, Hazenberg, &
van Lier, 2018).
One question arising here is at what moment knowledge kicks in during the
process of amodal completion. Vrins, de Wit, and van Lier (2009) studied the
occlusion conditions similar to the ‘banana penetrating brick’ (Gerbino & Zabai,
2003), while using the primed matching paradigm introduced by Sekuler and
Palmer (1992). They found that amodal completion of a notched circular slice
was influenced by one’s knowledge of material softness and hardness (Vrins et
al. 2009). More specific, the knowledge influence clearly occurred after 500 ms
after prime onset, and already became apparent as early as 150 ms after prime
onset (Vrins et al. 2009). In an EEG study, Hazenberg and van Lier (2016) found
a component peaking around 300–400 ms particularly driven by knowledge
violations. In Chapter IV of this thesis, we further zoom in on this question,
using the occlusion patterns of Hazenberg and van Lier (2016), comprising a
set of partly occluded well-known objects. The stimuli are designed such that
the completion of the occlusion patterns can be driven by structure-based
(bottom-up) completion tendencies and/or driven by knowledge-based (top-
Figure 10. Kanizsa horses and two possible interpretations for the partly occluded horse (A).
A banana seems to penetrate the brick, adapted from Gerbino and Zabai (2003).
21ChapterI
down) tendencies. To measure the time course of amodal completion, we used
the primed matching paradigm. The results reveal contributions of both
bottom-up and top-down processes. The implications of the finding that
knowledge influences amodal completion is further discussed in this chapter.
Finally, in Chapter V, I further discuss the achieved results in broader context.
22ChapterI
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C H A P T E R
II
The neural signature of the Fraser illusion:
An explorative EEG study on Fraser-like displays
This chapter has been published as:
Yun, X., Hazenberg, S. J., Jacobs, R. H., Qiu, J., & van Lier, R. (2015). The neural
signature of the Fraser illusion: an explorative EEG study on Fraser-like
displays. Frontiers in human neuroscience, 9, 374.
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Abstract
We studied neural correlates accompanying the Fraser spiral illusion. The
Fraser spiral illusion consists of twisted cords superimposed on a patchwork
background arranged in concentric circles, which is typically perceived as a
spiral. We tested four displays: the Fraser spiral illusion and three variants
derived from it by orthogonally combining featural properties. In our stimuli,
the shape of the cords comprised either concentric circles or a single spiral. The
cords themselves consisted of black and white lines in parallel to the contour of
the cords (i.e., parallel cords), or oblique line elements (i.e., twisted cords). The
displays with twisted cords successfully induced illusory percepts, i.e., circles
looked like spirals (the Fraser spiral illusion) and spirals looked like circles (i.e.,
a “reverse Fraser illusion”). We compared the event-related potentials in a
Stimulus (Circle, Spiral) × Percept (Circle, Spiral) design. A significant main
effect of Stimulus was found at the posterior scalp in an early component
(P220-280) and a significant main effect of Percept was found over the anterior
scalp in a later component (P350-450). Although the EEG data suggest
stimulus-based processing in the posterior area in an early time window and
percept-based processing in the later time window, an overall clear-cut
stimulus-percept segregation was not found due to additional interaction
effects. Instead, the data, especially in the later time window in the anterior
area, point at differential processing for the condition comprising circle shapes
but spiral percepts (i.e., the Fraser illusion).




A typical aspect of visual illusions is that the actual percept differs from the
presented stimulus. Straight horizontal lines may appear skewed (e.g., the café
wall illusion, Gregory & Heard, 1979) or colours may appear at positions that
were not exposed to “coloured” light (e.g., the neon colour illusion, van Tuijl,
1975). Here we use neurophysiological measures to explore differences
between illusory appearances and similar but non-illusory appearances.
Specifically, we aim to discern neural correlates for the veridical vs. illusory
perception of particular shapes.
It is known that a single stimulus may yield very different shape interpretations.
In the past decades, rivalry displays and ambiguous stimuli have proven to be
excellent materials to study neural correlates of perceptual interpretations. For
example, using binocular rivalry in a functional magnetic resonance imaging
set-up, differential percept-related cortical activations have been measured
given the same presented stimuli (Leopold & Logothetis, 1996). To study the
reverse phenomenon in which two different stimuli give rise to the same
perceptual interpretation, displays with different figure-ground organizations
have been used. For example, Kourtzi and Kanwisher (2001) showed that in a
particular area in the ventral pathway (i.e., the LOC), the neural activation did
not depend on the particular stimulus properties per se but rather on the actual
shape interpretation which remained constant despite stimulus change. All in
all, such studies have shown dissociations between stimulus-related neural
activation and percept-related neural activation.
In the present study, we focus on such dissociations with regard to one of the
best known geometrical illusions, originally described by Fraser (1908). The
Fraser spiral illusion (Figure 1A) is made up of a set of concentric circles,
against a patchwork background. The circles comprise alternating oblique dark
and light parts, which trigger the impression of a twisted cord in spiral shape.
In other words, the concentric circles do not appear as circles but as “having a
spiral character or tendency” (Fraser, 1908). Previous studies showed that the
inclination of the cords is important (Fraser, 1908; Cowan, 1973; Morgan and
Moulden, 1986). In 2001, Kitaoka et al. (2001) proposed that there may be
special spiral detectors in extrastriate visual cortex integrating the local tilts.
The twisted cords would activate these spiral detectors even when the cords
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are concentric, resulting in the Fraser illusion. Additionally, Pinna and Gregory
(2002) reported a similar spiral illusion by using black and white tilted squares.
To test the above-mentioned two cases (same stimulus but different percepts,
and different stimuli but same percept), we adopted three variations of the
Fraser spiral. We based the construction of these variants on Cowan’s (1973)
report that variants of the Fraser illusion may also be hard to categorize as
circle or spiral. For the first case, by having alternating dark and light parts in
the cords, we constructed a real spiral against the same patchwork background
(see Figure 1B for an example). Preliminary observations revealed that this
Figure 1. (A) Twisted Circles (twisted cords with concentric circles), (B) Twisted Spiral
(twisted cords with spiral shape), (C) the Parallel Circles (parallel cords with concentric
circles), (D) the Parallel Spiral (parallel cords with spiral shape). Note that these example
stimuli differs lightly from the actual stimuli.
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spiral is often seen as a set of concentric circles (i.e., a “reverse Fraser” illusion).
In addition, we had two other variants in which the black and white elements in
the interior of the lines were replaced by black and white lines in parallel to the
outer contours of the circles or the spiral (see Figures 1C and D). In the latter
stimuli the illusory shape perception seems much less salient. Given these four
displays and the possible percepts triggered by these displays, we have four
conditions with regard to stimuli vs. percepts: displays with concentric circles
can be seen as a spiral, or as circles, and displays with a spiral can be seen as a
set of concentric circles, or as a spiral.
By means of this orthogonal combination of stimulus shape (circle vs. spiral)
and perceptual shape (circle vs. spiral), we aim to separate the neural signature
of the classical Fraser illusion effect from that of the others by discerning
stimulus-related effects and percept-related effects. Note that this design may
also differentiate between veridical and illusory percepts (e.g., circle
stimulus/circle percept vs. circle stimulus/spiral percept, respectively). In an
EEG-setup we asked participants to watch the stimuli and to indicate (by
button press) what they actually saw. We expect stimulus related effects to
reveal distinctive signals at an earlier time window as compared to percept
related effects. In addition, we expect that stimulus-related effects are most
likely to be recorded by posterior electrodes.
Materials and Methods
Participants
Twenty-four undergraduate volunteers aged 19–23 years from Southwest
University (SWU) in China were paid to participate in the experiment. All
participants gave written informed consent, were right-handed, had no current
or past neurological or psychiatric illness, and had normal or corrected-to-
normal vision. This study was approved by the local ethics committee of SWU.
Stimuli and Procedure
The experiment included four kinds of stimuli: the original Fraser spiral illusion
in which a set of concentric circles is made up of twisted cords (referred to as
Twisted Circles, see Figure 1A); the reverse Fraser illusion with a single spiral
made up of black and white elements (referred to as Twisted Spiral, see Figure
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1B); a display with a set of concentric circles made of black and white lines in
parallel to the contour (Parallel Circles, see Figure 1C); and a display with a
single spiral made of a cord parallel to the contour (Parallel Spiral, see Figure
1D). Note that we did not use the same oblique elements in the reverse Fraser
stimulus as in the Fraser displays since that did not result in a strong effect. To
obtain the desired effect we simply tweaked the (twisted) cords until the result
was satisfactory according to our own preliminary observations (and we
additionally tested the percepts behaviorally, see below).
In the actual experiment, the task was to make shape judgements to each
display. The participants were seated in front of the monitor. They were
instructed to rest their right index finger, middle finger and ring finger on
number 1, 2, and 3 of the numeric keypad, respectively. When the picture
appeared, they had to indicate the perceived shape by pressing a button as
quickly and as accurately as possible (spiral: 1; circle: 2; undecided: 3). In order
to check for non-attendance and guessing during the task, a control stimulus
was additionally created by scrambling the individual pieces of the display in
Figure 1A such that no spiral or circle was present in the display. The frequency
of correct response to the control stimulus (i.e., undecided) was exceeding 95%.
The pictures were displayed in the center of a 17-inch screen with a 75-Hz
refresh rate. The size of the stimuli was 5.5° (horizontal) × 5.5° (vertical).
Stimulus order and response hand were counterbalanced across participants.
Before the experiment, participants practiced the task until they reported that
they were familiar with the procedure. Since the four stimuli were presented in
random order, they were on average shown equally often during practice. The
experiment consisted of four blocks, and every block consisted of 75 trials (15
trials per condition including the control-stimuli, randomized). In each trial, the
fixation cross appeared for 500 ms, then the stimulus appeared for 1500 ms,
after which an empty blank screen appeared for 1000 ms. Participants had to
respond during the presentation of the picture or the blank screen. They were
instructed to avoid blinking and to avoid making eye movements of any sort
and to keep their eyes fixated on the monitor rather than looking down at their
fingers during task performance. There was a rest after completing each block.
The experiment lasted for approximately 15 minutes.
ERP Recording and Analysis
Brain electrical activity was recorded with a sampling rate of 500 Hz using 64
electrodes which were mounted in an elastic cap (Brain Products GmbH,
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Munich, Germany) and located at the standard positions of the surface of the
scalp (International 10/20 system). The ground electrode was placed on the
forehead. The EEG was measured with the references on the right and left
mastoids, and the signals were re-referenced to the average of the right and left
mastoids offline. The horizontal electro oculogram was recorded by two
electrodes placed on the outer canthi of both eyes. Eye blinks were monitored
with electrodes placed below and above the eye. All interelectrode impedances
were kept below 5 kΩ. Signals were filtered with a band-pass of 0.01–100 Hz
and a notch filter to remove 50 Hz interference. Ocular correction was
performed using the method of Gratton et al. (1983). Signals were offline
filtered with a band-pass of 0.01–30 Hz. The ERP waveforms were time-locked
to the onset of the stimuli. The averaged epoch was 800 ms, including a 200 ms
pre-stimulus baseline. A 200–0 ms baseline correction was applied. Artifacts
were removed when the signal exceeded a voltage threshold of ±100 μV.
Based on the behavioral data, using a Stimulus (Circle, Spiral) × Percept (Circle,
Spiral) design, there are four conditions: circle shape stimuli with circle percept
(Cc), circle shape stimuli with spiral percept (Cs), spiral shape stimuli with
circle percept (Sc), and spiral shape stimuli with spiral percept (Ss). That is, the
Cc condition includes the trials with circle response to the Twisted Circles and
the Parallel Circles. For the other three conditions similar combination of trials
could be made. We created ERP waves for these four conditions by averaging
the epochs (the mean number of trials used for averaging was 64, 49, 65 and 47
respectively).
Here we chose eighteen electrodes for statistical analysis, nine electrodes from
the anterior scalp (F1, Fz, F2, FC1, FCz, FC2, C1, Cz, C2) and another nine
electrodes from the posterior scalp (P1, Pz, P2, PO1, POz, PO2, O1, Oz, O2).
From observations of the average waveforms, we define the anterior scalp and
posterior scalp as our two regions of interest (ROI) in time windows of 160–
220 ms, 220–280 ms and 350–450 ms. The amplitude of each ERP component
was quantified as the mean voltage within a specified time window, relative to
the mean pre-stimulus voltage. For each time window a three-way [ROI
(Anterior, Posterior) × Stimulus (Circle, Spiral) × Percept (Circle, Spiral)]
repeated measures Analysis of variance (ANOVA) was performed. The p-values




In Figure 2, the behavioral results are plotted for each of the four stimuli. For
each stimulus the average proportions of the three possible responses are
plotted (circle response, spiral response, uncertain/no decision).
A repeated-measures ANOVA was applied to the average proportions of spiral
response (dark gray bars in Figure 2) with the four stimuli as within subjects
factor and showed a significant main effect (F(3, 69) = 34.951, p = .000). The
Figure 2. The average proportion of different responses to the four stimuli. Spiral responses
(dark gray) were made more often in the Twisted Circles than the other three stimuli. The
mean proportions of spiral responses were also significantly different between the Twisted
Spiral and the Parallel Circles, the Twisted Spiral and the Parallel Spiral, the Parallel Circles
and the Parallel Spiral. Error bars represent the standard error of the mean.
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average proportion spiral response was highest for the Twisted Circles (M =
0.756). This differed significantly from the spiral response to the Twisted Spiral
(M = 0.285; F(1, 23) = 39.467, p = .000), to the Parallel Circles (M = 0.040; F(1,
23) = 200.441, p = .000) and to the Parallel Spiral (M = 0.551; F(1, 23) = 5.439, p
= .029). Besides, the average proportion of spiral response to the Twisted Spiral
was significantly higher than to the Parallel Circles (F(1, 23) = 16.936, p = .000),
but significantly lower compared to the Parallel Spiral (F(1, 23) = 7.066, p
= .014). There was also a significantly lower proportion of spiral response to
the Parallel Spiral than the Parallel Circles (F(1, 23) = 65.783, p = .000).
Electrophysiological Scalp Data
Those participants for whom the number of available trials was less than 20 in
any of the four conditions were eliminated. Ultimately, nineteen observers
were included in the ERP analysis. The average waveforms over the anterior
scalp and posterior scalp are shown in Figure 3.
In the analysis each ROI (anterior and posterior) was represented by averaging
over nine electrodes. Between 220–280 ms, there were marginally significant
interactions between Stimulus and Percept (F(1, 18) = 4.105, p = .058); ROI and
stimulus (F(1, 18) = 4.148, p = .057); and ROI, Stimulus and Percept (F(1, 18) =
3.929, p = .063). Separate ANOVAs for the anterior and posterior ROIs (see
Table 1) show that there was a marginal main effect of Stimulus only in the
posterior area (F(1, 18) = 3.479, p = .079). There was also a significant
interaction between Stimulus and Percept in the posterior area (F(1, 18) =
8.836, p = .008; see Figure 4A). Follow-up simple effects test showed that for
circle percepts, spiral stimuli (i.e., reverse Fraser illusion generally) elicited a
more positive amplitude compared to circle stimuli (i.e., veridical percepts; p
= .004), which is not the case for spiral percepts, when comparing circle stimuli
with spiral stimuli (p = .558). For circle stimuli, spiral percepts (i.e., the Fraser
illusion) elicited a more positive amplitude than circle percepts (i.e., veridical
percepts; p = .035), which is not the case for spiral stimuli when comparing
circle percepts with spiral percepts (p = .131).
Between 350–450 ms, there was a significant interaction between ROI and
Percept (F(1, 18) = 4.749, p = .043). Separate ANOVAs show that there was a
main effect of Percept in the anterior area (F(1, 18) = 5.351, p = .033) and that
there was an additional interaction between Stimulus and Percept in the
anterior area (F(1, 18) = 4.583, p = .046; see Figure 4B). Post hoc tests with
regard to the anterior area revealed that the illusory spiral perception (i.e., the
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Fraser illusion) elicited a more positive amplitude compared to the illusory
circle perception (i.e., the reverse Fraser illusion generally; p = .011), the
veridical circle perception (p = .009) and the veridical spiral perception (p
= .046).
Figure 3. Grand average ERPs for waveforms distributed in anterior and posterior scalp
with average amplitudes for the four conditions. Between 220–280 ms at the posterior
ROI, spiral stimuli (blue lines) elicited a more positive component than circle stimuli (red
lines). Between 350–450 ms at the anterior ROI, spiral perception (continuous lines)
elicited a more positive component than circle perception (dotted lines).
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Figure 4. The mean voltages between 220–280 ms Posterior (A), and between 350–450 ms
Anterior (B).
Table 1. Stimulus and Percept effects in the anterior and posterior region (9-electrode ROIs).
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Both Stimulus × Percept interactions should trigger cautiousness with regard to
the (marginal) main effects. Notice that this interaction effect can also be driven
by a veridical vs. illusion distinction, with illusory percepts (circle
stimulus/spiral percept; spiral stimulus/circle percept) resulting in different
values from veridical percepts (circle stimulus/circle percept; spiral
stimulus/spiral percept). Inspecting Figure 4A, both conditions with illusory
percepts indeed evoke the highest voltages. The simple effects, however show
that this is only the case for the Fraser illusion. Figure 4B shows a somewhat
different result: now one condition clearly distinguishes from the other
conditions, i.e., the circle stimulus/spiral percept condition (the Fraser illusion).
Discussion
The behavioral responses reveal more illusory percepts than veridical percepts
for both the twisted circle stimulus (the Fraser spiral illusion) and the twisted
spiral stimulus (the reverse Fraser illusion). With regard to the stimuli with the
parallel cords the situation was different. The parallel circle stimulus was
mainly seen as a set of circles, whereas the parallel spiral turned out to be
rather ambiguous. The results suggest that the properties of the cords largely
trigger the illusory percept, which is consistent with the previous finding that
the illusory effect persisted when the chequered background and the line shape
were manipulated (Cowan, 1973).
Next, we used EEG to investigate distinct neural correlates of shape stimuli and
percepts. EEG results showed that: (i) over the posterior scalp the amplitude
between 220–280 ms tends to be larger for spiral stimuli than for circle stimuli;
(ii) over the anterior scalp, the amplitude between 350–450 ms is larger for
spiral percepts than for circle percepts; (iii) existing interaction effects
preclude a clear-cut stimulus-percept segregation; (iv) simple effects analyses
reveal that in both the early and more strongly in the late time window, only for
the circle stimuli the voltages for the illusory percepts differed from the
veridical percepts.
In the early time window (220–280 ms) the displays that contained spirals
elicited a marginally significant stronger component over the posterior scalp as
compared to displays that contained circles. Event-related potentials peaking
around 200 ms after stimulus onset have been related to the detection of basic
features such as brightness, colour, and motion (Coch et al., 2005). Besides, the
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human visual cortex was found to be specialized in many attributes (such as
colour and motion) of visual stimuli (e.g., Zeki et al., 1991). The stronger
component was found only in the posterior area, but not in the anterior area.
Hence, the higher amplitude to spiral stimuli may be related to features
distinguishing spirals from circles, such as differences in curvature or to
complexity differences in general.
An additional effect in the early time window (220–280 ms) is that amplitudes
are highest for both illusory displays, although this was significantly different
only for the circle stimulus/spiral percept. We speculate that in this time
window neural activation is sensitive to conflicts between stimulus and
developing percepts. Macknik and Haglund (1999) reported that activation in
V1 of rhesus monkeys follows percepts rather than solely the objective
stimulus, which may explain why this effect appeared over the posterior region.
The posterior higher amplitude might reflect the conflicts between visual scene
registration and the illusory perception. Alternatively, another explanation
seems plausible here, namely in terms of mere stimulus characteristics since
the illusory percepts are predominated by stimuli with twisted cords, while the
veridical percepts are predominated by parallel cords. Note also that the circle
stimuli perceived as circles mainly comprise displays with parallel cords and
therefore can be characterized as the most simple displays revealing the lowest
voltages. The spiral stimuli perceived as circles comprise a large number of
twisted cord stimuli which can be considered as the most complex stimuli,
revealing the highest voltages. All in all, the data trigger cautiousness with
regard to effects dealing with the percept or the illusory appearance of the
display. To be on the safe side here we support the idea that the data in the
early time window may largely be driven by stimulus characteristics of the
displays.
The alleged Percept effect in the later time window anterior area at first sight
seems to be in agreement with other studies relating late positive waves to
perceptual processing. For example, O’Donnell et al. (1988) found a broad
positive wave over the frontal cortex during perceptual reversals, as compared
to non-reversals in the interpretation of the Necker cube. In addition, Basar-
Eroglu et al. (1993) claim that perceptual reversals are associated with a
positive wave exhibiting frequency content similar to that of a P300-wave.
However, as the Percept effect in the late time window was mainly driven by
the responses on the Fraser illusion, it is likely that there is differential
processing at this stage between the two conditions with illusory displays in
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our experiment. One possibility is that the Reverse Fraser display triggers some
uncertainty in early stages but may not trigger a sustained illusory percept as is
the case with the Fraser display—a difference that could then be reflected in
the anterior late time window. Furthermore, following the stimulus complexity
driven view on the data in the posterior, early time window, we may conclude
that the stimulus characteristics do not play a distinguishable role in the late
anterior time window and that it is indeed, the illusory aspect of the Fraser
display that has caused the differential results on the Fraser display.
With regard to complexity effects in the early posterior time window we leave
the option open that higher order effects like familiarity may account for the
difference in activation as well. The spiral shape is not as prevalent as the circle
in our natural environment. The early component may reflect the higher
familiarity of the circle stimulus (Federmeier and Kutas, 2001) vs. the higher
complexity of the spiral stimulus and/or a higher processing demand for the
spiral stimulus (Johnson, 1986). With our design, it is not possible to decide
between these two possibilities. The results support a view of low brain activity
(reflected in closer-to-baseline levels in any measurement, including EEG) for
common or relatively expected events, at least at the low-level sensory level
(which fits with the Predictive Coding-framework; e.g., de-Wit et al., 2010).
All in all, we may draw the conclusion that the EEG-signature in the 220–280
ms time window posterior is mainly driven by stimulus effects. Although the
data do not contradict the view that the differential effects on the Fraser
illusion already kick-in in the early time window, a general conclusion with
regard to an EEG-signature linked to the percept or illusory appearance would
require further testing with different sets of stimuli, also controlling for
stimulus complexity and/or familiarity. The 350–450 ms time window reveals
differential results for the original Fraser illusion only, and neither to stimuli or
percepts per se. We suggest that the differential effects may be caused by
additional processing due to the conflict between stimulus and percept. The
differential signature for the Fraser illusion in this time window may generalize
to other illusory displays, but tests with a wider variety of illusory displays
would be required to settle the issue of generalizability.
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Conclusion
Our EEG data suggest stimulus based processing in the posterior area in an
early time window (220–280 ms). In the anterior area, in a later time window
(350–450 ms) we found a differential activation for the condition comprising
the Fraser illusion. That is, the EEG signature does not follow a clear-cut
stimulus-percept division, but instead points at additional processing triggered
by the stimulus-percept conflict in the Fraser illusion.
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C H A P T E R
III
Investigating local and global effects of surface colours
and contours in amodal completion
This chapter has been published as:
Yun, X., Hazenberg, S. J., & van Lier, R. (2018). Investigating local and global




We studied interpretations of partly occluded shapes. Models that account for
amodal completion mostly deal with local and global contour characteristics. In
the current study, we were interested in the effects of colour on local and global
contour completions. In our stimuli, local contour completions comprised
simple linear extensions of the partly occluded contours, whereas global
contour completions accounted for global shape regularities. Our stimuli were
designed such that the visible surface colour could also be completed in a local
or global fashion, being consistent or inconsistent with contour completions.
We tested the preferred interpretations of the partly occluded shapes by using
a sequential matching task. Participants had to judge whether a test shape
could be a previously shown partly occluded shape. We found that
interpretations of partly occluded shapes depend on both colour and contour
characteristics. Additional time bin analyses revealed that for fast responses
colour and contour completions already depend on the visible context of the
partly occluded shapes, while for slow responses the congruency between
colour and contour completions play a role as well.




When looking around we often only see parts of objects as they may occlude
parts of themselves and parts of each other. Yet, we do not perceive them as
incomplete. In general, partly occluded shapes tend to be perceived as complete,
a phenomenon referred to as “amodal completion” (Michotte, Thinès, & Crabbé,
1964). Amodal completion can be considered as a consequence of so-called
border ownership analyses (e.g., Kanizsa, 1979; Kogo, Strecha, Van Gool, &
Wagemans, 2010; Rubin, 1915/1958; Rubin, 2001). Following such analyses,
borders in the visual pattern are assigned to particular surfaces, thus revealing
figure-background segregation, with the background surfaces being amodally
completed (Rubin, 2001). To explicitly account for the shape of the amodally
completed background surfaces, additional approaches have been developed.
Here, a major distinction can be made between completion models that focus
on local contour properties versus completion models that take into account
global shape characteristics (see van Lier & Gerbino, 2015, for an overview). So
far, research mostly focused on how contour characteristics determine the
perception of complete shapes when they are partly occluded. In contrast to
such contour characteristics, relatively few studies exist on how local and
global surface properties influence amodal completion. The aim of the present
study is to explore the interference of colour on both local and global contour
completions.
The importance of local contour completion has been advocated by various
researchers in the past decades (e.g., Kanizsa, 1985; Kellman & Shipley, 1991).
Kellman and Shipley (1991) proposed a well-defined criterion, the relatability
criterion, for the occurrence of a locally driven completion. This criterion
provides conditions under which contours at both sides of an occluder are
connected with each other. Other researchers also stressed the importance of
some form of “good continuation” (see for example, Boselie, 1994; Fantoni &
Gerbino, 2003; Fulvio, Singh, & Maloney, 2008; Kogo et al., 2010; Rubin, 2001;
Wouterlood & Boselie, 1992). The influence of global contour properties, such
as symmetry, has been investigated in quite a few studies as well (Buffart,
Leeuwenberg, & Restle, 1981; Chen, Müller, & Conci, 2016; de Wit, Bauer,
Oostenveld, Fries, & van Lier, 2006; Hazenberg, Jongsma, Koning, & van Lier,
2014; Plomp & van Leeuwen, 2006; Sekuler, 1994; Sekuler, Palmer, & Flynn,
1994; van Lier, van der Helm, & Leeuwenberg, 1994). In these studies local
completions still play a role but now compete with alternative completions
which are determined by global contour properties. Sekuler (1994), for
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example, considered two independent processes that triggered both local and
global completions, weighting the strength of completions depending on the
occurrence of certain properties. In van Lier et al. (1994, 1995), a distinction
was made between occlusion patterns for which global and local completion
strategies resulted in the same amodally completed shape, versus occlusion
patterns for which global and local completions resulted in different amodally
completed shapes. Examples of these two patterns are shown in Figure 1. For
occlusion pattern A, both local and global completion strategies reveal the same
interpretation A1, as the rectangle can be the result of a linear continuation of
the contours (local completion), and of a global strategy (global completion)
towards the most regular (symmetrical) shape. The interpretation A2 is
completed with an indentation, which is possible, yet unexpected. For occlusion
pattern B, following a local completion strategy, the partly occluded contours
are extended in a linear fashion (see Figure 1-B1). In contrast, according to a
global completion strategy, an indentation is added behind the occluder to
maximise the overall symmetry in the pattern (see Figure 1-B2).
Previous research has shown, by means of various paradigms, that both local
and global contour completions may indeed be generated (Chen et al., 2016; de
Wit et al., 2006; Hazenberg et al., 2014; Plomp & van Leeuwen, 2006; Sekuler,
Figure 1. Examples of occlusion patterns adopted from de Wit et al. (2006). Both local and
global completion strategies are used in (A) and (B). A1: A completion of occlusion pattern
A that follows both local and global contour characteristics. A2: A rather unexpected
completion of occlusion pattern A. B1: A local completion of occlusion pattern B. B2: A
global completion of occlusion pattern B.
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1994; van Lier, Leeuwenberg, & van der Helm, 1995). These studies focus on
contour and shape properties. Other studies have focused on volume
completion (Ekroll, Sayim, & Wagemans, 2013; Ekroll, Sayim, Van Der Hallen, &
Wagemans, 2016; Tse, 1999a; Tse, 1999b, 2017; van Lier, 1999; van Lier &
Wagemans, 1999; Vrins, de Wit, & van Lier, 2009; Vrins, Hunnius, & van Lier,
2011). Rather few studies looked at the influences of inner surface properties
in amodal completion (e.g., Dadam, Albertazzi, Canal, & Micciolo, 2012; Su, He,
& Ooi, 2010). For example, Dadam et al. (2012) reported that contrast
characteristics influenced the relative position of an amodally completed
border; in specific displays, partly occluded bars tended to extend more behind
an occluder when they were relatively dark (as compared to lighter bars). Su et
al. (2010) found that the visible parts of a partly occluded shape containing the
same, rather than opposite luminance contrast polarity resulted in surface
completion. Both mentioned studies focused on particular luminance
characteristics of the visible surface fragments. Using displays with illusory
colours, Pinna (2008) showed that amodal completion could also be modulated
by perceived colours and that they could even prevent completion to occur
(which happened when the perceived colours suggested a hole instead of an
occluder). More recently, Kim, Jeng, and Anderson (2014) studied the influence
of lightness similarity, showing modulating effects of perceived surface
similarities, e.g., after accounting for the effect of shadows on the visible
contour fragments. A study that explicitly focused on the perceived surface
characteristics behind the occluder was performed by Yin, Kellman, and Shipley
(1997) who constructed stimuli to isolate surface colour completion from
boundary completion. The surface features in their study comprised
homogeneous colours, textures and also gradients. The authors reported that
such surface characteristics were perceived to extend behind an occluder.
In the present study, we aim to connect the influence of surface properties with
the distinction between local and global contour completions. For example, just
like local and global contour completions, surface colours can also be
completed either in a local or in a global fashion. As an example, consider
Figure 2. Here, the partly occluded yellow rectangle can be completed behind
the occluder with the same colour as the visible part (Figure 2-A1). This colour
continuation can be thought of as being triggered by both local and global
properties; the local colour completion is induced by the colours adjacent to the
occluder, whereas the global colour completion is induced by the overall colour
appearance of the visible parts of the rectangle. The completion in Figure 2-A2
clearly represents an anomalous completion. In Figure 2B, the situation is
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different as the rectangular surface has a regularly coloured pattern of
alternating colours. The completion in Figure 2-B1 shows an example of a local
colour completion; the yellow colour at both sides of the occluder is continued
behind the occluder, irrespective of the alternation of the yellow and blue
stripes in the visible parts of the rectangular shape. In contrast, the completion
in Figure 2-B2 takes account of that property, and therefore can be considered
as a global colour completion.
In the following experiment, we investigate the influence of such surface
characteristics on local and global contour completions. Based on the previous
findings regarding the relevance of global context in amodal contour
completion (e.g., de Wit et al., 2006; Sekuler et al., 1994; van Lier et al., 1994),
we expect that besides contour regularities, colour regularities play a role as
well. That is, amodal completion is expected to be influenced not only by global
contour regularity, but also by global surface colour regularities. More in
particular, we expect that global colour completions are facilitated more than
local colour completions.
Figure 2. Two occlusion patterns (A and B), each with two possible completions (1-2).
A1: A completion based on both local and global colour characteristics of occlusion
pattern A. A2) An anomalous colour completion of occlusion pattern A. B1: A local colour
completion of occlusion pattern B. B2: A global colour completion of occlusion pattern B.
The dashed lines indicate the amodally completed parts. Notice that the completed part in





Twenty students (aged 19 to 29 years; 7 male) of the Radboud University (RU)
were paid to participate in the experiment. One participant was excluded from
the data analysis because of a very low frequency of correct responses (17%).
All participants could distinguish the colours we used in our experiment. They
all gave written informed consent and had no current or past neurological or
psychiatric illness. This study was approved by the local ethic committee of the
RU, in accordance with the declaration of Helsinki.
Stimuli
We constructed four stimulus sets with four different types of occlusion
patterns that allow both global and local contour completions, see Figure 3 for
examples (more stimuli can be seen in Appendix 1). The surface colour of these
patterns comprised either a single colour (Figure 3A and B), or two alternating
colours (Figure 3C and D). As will be clear further on, the occlusion patterns
with a single colour (Figure 3A, 3B) are to be regarded as control stimuli,
whereas the occlusion patterns with alternating colours can be regarded as the
actual test stimuli. In addition, we used a short occluder (Figure 3A and C) or a
long occluder (Figure 3B and D). For patterns with a short occluder, the
additional information, i.e., the visible indentation and colour patch result into
different interpretations from those with a long occluder. For each occlusion
pattern, there were four possible completions.
Each completion was constructed by applying different completion strategies
regarding both contour properties and surface colour. Local contour
completions extended the contours at points of occlusion in a linear fashion
(see Figure 3-A1, -A2, -B1, -B2, -C1, -C2, -D1, -D2). In contrast, global contour
completions extended the global contour regularity by adding contour
indentations that fit with the global contour regularity (see Figure 3-A3, -A4, -
B3, -B4, -C3, -C4, -D3, -D4). So, for each of the four occlusion patterns there was
always either a local contour completion or a global contour completion. The
same concepts were applied to colour completions. As the occlusion patterns
with a single colour (Figure 3A, 3B) are to be regarded as control patterns, we
first describe the occlusion patterns with alternating colours, i.e., the test
occlusion patterns (Figure 3C, 3D).
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For the occlusion patterns with alternating colours (Figure 3C and D), local
colour completions comprise the extension of the colours immediately
juxtaposed to the occluder. With regard to occlusion pattern D, the situation is
most clear. Here, extending the surface colours immediately at the left and right
side of the long occluder reveals a local surface colour completion (Figure 3-D1,
-D3). For occlusion pattern C, there are two possible local surface colour
completions. One local surface colour completion is based on extending the
colours left and right of the occluder (Figure 3-C1, -C3). Another local surface
colour completion is based on the extension of the surface colours just above
the occluder, which in fact results in the extension of the coloured bar (Figure
Figure 3. Examples of four occlusion patterns (A, B, C and D), and four possible
completions (1-4) for each occlusion pattern. The displayed stimuli comprise examples
from each of four stimulus sets; two control stimulus sets (left column: stimulus set A and
B) and two test stimulus sets (right column: stimulus set C and D). For more stimuli from
each set, please see Appendix 1.
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3-C2, -C4). The global surface colour completions were constructed by
continuing the visible alternating colour pattern (Figure 3-C2, -C4 and -D2, -D4).
As a result, completions C2 and C4 are based on both local and global surface
colour completions, whereas completions D2 and D4 are based only on global
surface completion.
We now turn to the control stimulus sets, i.e., the occlusion patterns with a
single colour (Figure 3A and B). For the occlusion patterns in these sets, the
local and global colour completions converge to a single completion that
comprises the extension of the visible colour (see Figure 3-A1, -A3 and -B1, -
B3). Completing these shapes with a different colour obviously results in rather
unexpected, anomalous completions (see Figure 3-A2, -A4 and -B2, -B4). Note
that both contours and colours in the completions of pattern A and B exactly
match the contours and colours in the completions of pattern C and D,
respectively; which is why they can be considered as control stimuli to further
examine the effect of the colour context.
To increase the variability between stimuli and to create more stimuli, we had a
few additional manipulations (see Appendix 1). Firstly, both “rectangular” and
“wavy” contours were used. Secondly, the surface colours were also reversed
(switching between purple/green and green/purple). Thirdly, we constructed
mirror images for each occlusion pattern (not shown in Appendix 1).
Finally, there were also four non-match shapes for each occlusion pattern (see
Appendix 2). The non-match shapes always have either a completely different
contour (e.g., “wavy” versus “rectangular”), or different colour patterns. The
non-match shapes were chosen from one of the other possible completion
shapes, so that each completion shape was presented an equal number of times.
Procedure
The experiment was run using Presentation (Version 17.2, Neurobehavioral
Systems, Inc.). Participants were seated in front of the monitor (75-Hz refresh
rate). A sequential matching task was employed (see e.g., Hazenberg et al.,
2014). A fixation cross appeared for 1000 ms, after which an occlusion pattern
appeared for 1000 ms. After that, a Gaussian noise picture was shown to mask
the occlusion pattern for 300 ms. Next, a test shape (match or non-match)
appeared and remained on the screen for 5000 ms, or until participants
responded. Participants had to indicate if the test shape matched with the
partly occluded shape (Yes/No) by pressing a button as quickly as possible.
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That is, the participants had to press the “Yes-button” whenever a particular
completion was possible, disregarding whether the completion was considered
to be likely or unlikely. The response keys were counterbalanced between
participants. Response times (RTs) to test shapes were recorded.
Before the experiment, participants completed a practice block of 15 trials to
get familiar with the procedure. Five participants completed the practice block
two times, as they found the task to be rather difficult and they needed more
practice trials to get familiar with it. The experiment consisted of three blocks,
and every block consisted of 256 trials (128 trials with match shapes and 128
trials with non-match shapes, all randomized together). There was a rest after
completing each block. The experiment lasted for approximately 45 minutes.
Analysis
Our analyses were performed on RTs of correct judgements to match shapes,
which complies with earlier research (e.g., de Wit et al., 2006; Gerbino &
Salmaso, 1987; Hazenberg et al., 2014).
Single stimulus set analyses
Regarding different combinations of colour completion and contour completion
factors, we performed a two-way repeated measures analysis of variance
(ANOVA) having two levels of colour completion and two levels of contour
completion separately for each stimulus set as follows: stimulus set A and B:
Colour (anomalous, local-and-global) × Contour (local, global); stimulus set C:
Colour (local, local-and-global) × Contour (local, global); stimulus set D: Colour
(local, global) × Contour (local, global).
Colour context analyses
As previously introduced, the stimuli were designed such that the completed
parts of the completions for the single-coloured occlusion patterns in Figure 3A
and 3B are exactly the same as for the multi-coloured occlusion patterns in
Figure 3C and 3D, respectively. For example, the completed parts in Figure 3-
A1 and -C1 comprise exactly the same contour extensions and the same colour
patches. The only difference is the colour context. Thus, we reason that any
differential effect between comparing the two completions must be due to the
apparent fit between the completions and the colour context in the occlusion
patterns. Therefore, to determine the colour context effects, stimulus set A
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served as a baseline for stimulus set C, and stimulus set B served as a baseline
for stimulus set D. We calculated difference RTs (ΔRTs) by subtracting RTs to
each particular completion in stimulus set A from the respective completion in
stimulus set C, and that in stimulus set B from stimulus set D. Next, ΔRTs were
subjected to a two-way repeated measures ANOVA having two levels of colour
completion and two levels of contour completion separately for both
comparison sets: short-occluder comparison set: Colour (local, local-and-global)
× Contour (local, global); long-occluder comparison set: Colour (local, global) ×
Contour (local, global).
Time bin analyses
To see whether results are consistent over time, we also performed exploratory
post hoc analyses on the fastest response times and the slowest response times.
The selection was made such that for each participant, for each condition, the
one-third fastest and the one-third slowest response times were pooled into a
“fast bin” and a “slow bin”, respectively.1 For each time bin, we used the same
analyses that we applied in the single stimulus set analysis and in the colour
context analysis. The time bin analyses opens a window to see whether – and if
so, how – effects of colour and contour change over time. For example, the
“slow bin” may show different results just because participants take more time
and cognitive influences may play a larger role. That is, effects may be triggered
by rapid perception-like processes, but it may also be influenced by more
cognitive processes.
Results
The averaged percentage of correct responses to match shapes across
participants is 93%, with a range of 89 ∼ 95%.
Single stimulus set analyses
In stimulus set A (Figure 4), results showed a main effect of Colour, revealing
shorter RTs to local-and-global colour completions than RTs to anomalous
colour completions [F(1, 18) = 6.91, p = .017, ηp2 = .227]. In contrast, no main
effect of Contour was found [F(1, 18) = 0.19, p = .669, ηp2 = .010]. There was a
significant interaction between Colour and Contour [F(1, 18) = 10.05, p = .005,
ηp2 = .358]. Paired t-tests showed that for global contour completions, RTs to
local-and-global colour completions (A3) were significantly shorter than RTs to
1 This analysis on the 1/3 slowest and 1/3 fastest response times was suggested by an anonymous reviewer.
50ChapterIII
anomalous colour completions (A4), t(18) = −3.727, p = .002. No such significant
results were found at neither level of Colour.
The results of stimulus set B were comparable to those of stimulus set A. That is,
results showed a main effect of Colour, with shorter RTs to local-and-global
colour completions than RTs to anomalous colour completions [F(1, 18) = 14.55,
p = .001, ηp2 = .447]. Neither a main effect of Contour [F(1, 18) = .30, p = .591, ηp2
Figure 4. In each stimulus set (A, B, C and D), the RTs to each of four possible completions
are averaged and plotted separately. Error bars represent the standard error of the mean.
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= .016], nor an interaction between Colour and Contour was found [F(1,
18) = 3.42, p = .081, ηp2 = .160].
In stimulus set C, results showed a main effect of Colour, with shorter RTs to
local-and-global colour completions than RTs to local colour completions [F(1,
18) = 12.08, p = .003, ηp2 = .402]. Neither a main effect of Contour [F(1, 18) = .06,
p = .818, ηp2 = .003], nor an interaction between Colour and Contour was found
[F(1, 18) = .06, p = .813, ηp2 = .003].
In stimulus set D, results revealed a main effect of Contour [F(1, 18) = 5.03, p
= .019, ηp2 = .271], with shorter RTs to global contour completions than RTs to
local contour completions. Neither a main effect of Colour [F(1, 18) = .33,
p = .574, ηp2 = .018], nor an interaction between Colour and Contour was found
[F(1, 18) = 2.97, p = .102, ηp2 = .142].
Colour context analyses
As previously mentioned, to account for shape differences and to have a closer
look at the effect of colour context, we proposed the colour context analyses.
Accordingly, RTs to completions of set A and B served as a baseline for RTs to
completions of set C and D, respectively (see also Figure 5, and for a summary
of the results see Table 1, first row “Overall analyses”). For the short-occluder
comparison set, results showed a main effect of Colour, revealing shorter ΔRTs
to local-and-global colour completions than ΔRTs to local colour completions
[F(1,18) = 20.07, p < .001, ηp2 = .527]. Neither a main effect of Contour
[F(1,18) = .05, p = .828, ηp2 = .003], nor an interaction between Colour and
Contour was found [F(1, 18) = 3.54, p = .076, ηp2 = .164].
For the long-occluder comparison set, results showed a main effect of Colour,
revealing shorter ΔRTs to global colour completions compared with local
colour completions [F(1, 18) = 8.82, p = .008, ηp2 = .329]. No main effect of
Contour was found [F(1, 18) = 3.43, p = .081, ηp2 = .160]. There was a significant
interaction between Colour and Contour [F(1, 18) = 5.79, p = .027, ηp2 = .243].
Paired t-tests showed that for global contour completions, ΔRTs to global
colour completions (D4 - B4) were significantly shorter than ΔRTs to local
colour completions (D3 - B3), t(18) = −3.592, p = .002. For global colour
completions, ΔRTs to global contour completion (D4 - B4) were significantly
shorter than ΔRTs to local contour completions (D2 - B2), t(18) = −2.490,
p = .023. No other significant results were found.
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Figure 5. Susceptibility to colour context (accounting for contour differences, see Colour
context analyses in both Analyses and Results section for details). Difference RTs in short-
occluder comparison set (panel 1) and long-occluder comparison set (panel 2). Error bars
represent the standard error of the mean.
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Time bin analyses
Similar to the colour context analyses on all correct responses, the repeated
two-way ANOVA was applied to the fast response times and the slow response
times in each of two comparison sets (see Figure 6; for a summary of the results
see also Table 1, second and third row, “Fast bin analyses” and “Slow bin
analyses”).
Fast bin. For the fast response times, we first discuss the short-occluder
comparison set. We found a main effect of Colour [F(1, 18) = 26.55, p < .001, ηp2
= .596], revealing shorter ΔRTs to local-and-global colour completions than
ΔRTs to local colour completions. Neither a main effect of Contour [F(1,
18) = 1.42, p = .249, ηp2 = .073], nor an interaction between Colour and Contour
was found [F(1, 18) = .58, p = .457, ηp2 = .031].
Next, for the long-occluder comparison set, we found a main effect of Colour
[F(1, 18) = 41.70, p < .001, ηp2 = .698], revealing shorter ΔRTs to global colour
completions than ΔRTs to local colour completions. There was also a main
effect of Contour [F(1, 18) = 5.08, p = .037, ηp2 = .220], revealing shorter ΔRTs to
global contour completions than ΔRTs to local contour completions. No
significant interaction between Colour and Contour was found [F(1, 18) = .05, p
= .834, ηp2 = .003].
Slow bin. For the slow response times, the analysis in the short-occluder
comparison set showed a main effect of Colour [F(1, 18) = 5.93, p = .026, ηp2
= .248], revealing shorter ΔRTs to global colour completions than ΔRTs to local
colour completions. Neither a main effect of Contour [F(1, 18) = .124, p = .729,
ηp2 = .007], nor an interaction between Colour and Contour was found [F(1,
18) = 2.78, p = .113, ηp2 = .134].
For the long-occluder comparison set, however, there was neither a main effect
of Colour [F(1, 18) = .75, p = .399, ηp2 = .040], nor a main effect of Contour [F(1,
18) = 2.25, p = .151, ηp2 = .111]. Instead, an interaction between Colour and
Contour was found [F(1, 18) = 6.05, p = .024, ηp2 = .252]. Paired t-tests showed
that for global contour completions, ΔRTs to global colour completions were
significantly shorter than ΔRTs to local colour completions (D4 - B4 versus D3 -
B3), t(18) = −2.608, p = .018. For global colour completions, ΔRTs to global
contour completion (D4 - B4) were significantly shorter than ΔRTs to local
contour completions (D2 - B2), t(18) = −2.612, p = .018. No other significant
results were found.
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Figure 6. Susceptibility to colour context with one-third fastest responses (top row: short-
occluder comparison set and long-occluder comparison set) and one-third slowest responses
(bottom row: short-occluder comparison set and long-occluder comparison set). Error bars
represent the standard error of the mean.
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In Appendix 3 and 4, we additionally plotted the graphs for each of the four
stimulus sets for fast responses and slow responses respectively, along with the
statistical results.
Discussion
We investigated the relative impact of contour completion and surface colour
completion in amodal completion, and found that both colour and contour
regularities determined amodal completion, which is consistent with our
expectations.
We shortly discuss the basic results of stimulus sets A-D. For the occlusion
patterns with a single colour (set A and B), RTs to local-and-global colour
completions were, not surprisingly, faster relative to anomalous colour
completions (see Figure 4-1 and 4-2). For occlusion patterns with multiple
colours, we found effects of colour (set C) and contour (set D). These basic
findings already show that amodal completion can be influenced by the visible
colours in the occlusion pattern. In addition, these results are consistent with
previous findings that surface characteristics, more specifically colour, play a
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Table 1. F-values and Significance of the Colour and Contour Effects in the Short-occluder
Comparison Set and the Long-occluder Comparison Set for three colour context analyses: the
initial overall analyses, the fast bin analyses (one-third fastest response times per participant,
per condition), and the slow bin analyses (one-third slowest response times, per participant,
per condition).
role in amodal completion (Dadam et al., 2012; Kim et al., 2014; Pinna, 2008; Su
et al., 2010; Yin et al., 1997).
Next, we proposed an analysis in which we had a closer look at the net effect of
colour context, i.e., the colour context analyses. By applying these analyses, we
had two comparison sets of stimuli: a comparison set with short occluders and
a comparison set with long occluders (see Figure 5). Following these analyses
(see Table 1), a main effect of colour would reflect an influence of the fit
between the specific colour completion and the colour-shape context of the
visible parts of the shape, whereas a main effect of contour would reflect an
influence of the fit between the contour completion and the colour-shape
context of the visible parts of the shape. An interaction effect of colour and
contour then reflects the fit between the colour completion and the
corresponding contour completion.
In the short-occluder comparison set (see Figure 5-1), both colour completions
comply with an extension of colours bordering the occluder. In one of the
completions, the background colour left and right of the occluder is extended,
whereas in the other completion the coloured bar is extended behind the
occluder. As indicated earlier, the latter completion also complies with a global
completion. Therefore, for the short-occluder comparison set the differential
effect of the local colour completion of just the background colour versus the
local-and-global colour completion of the coloured bar is tested. Here, the
results reveal a clear colour effect. This indicates that, regardless of contour
completion, the local-and-global colour completion of the coloured bar fit
better with the colour-shape context than the local colour completion.
In the long-occluder comparison set (see Figure 5-2), one colour completion
was based on local completion in which the bordering background colour
extended behind the occluder, whereas the other colour completion was based
on a global completion of the coloured bars. In the latter case, the completion of
the coloured bar is not based on a local colour extension, but purely driven by a
global completion tendency, based on the overall surface colour regularity.
Again, there was an effect of colour, now showing that global colour
completions fit best with the colour-shape context. However, the interaction
between colour completion and contour completion shows that this is only the
case for global contour completions. It seems that completions are only
facilitated if both colour and contour are compatible with the global context. In
contrast, local contour completions appear less preferred even if they are
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completed with a global colour. Overall, these results reveal that surface filling-
in can be driven by global surface context. These findings seem to parallel
previously found sensitivities to global contours (e.g., de Wit et al., 2006;
Sekuler et al., 1994; van Lier et al., 1994).
The successive time bin analyses showed that we should still be cautious in
drawing strong conclusions on the overall pattern of results as these analyses
clearly show an effect of the response speed (see Table 1). We applied the same
analyses as discussed above to the one-third fastest and to the one-third
slowest response times. For the short-occluder comparison set, the results
were stable and similar to the overall analysis. That is, for both fast and slow
response times, local-and-global colour completions were facilitated relative to
local colour completions. For the long-occluder comparison set, in which local
completions are directly compared with global colour completions, the results
were remarkably different. For the fast response times, there was a main effect
of both colour completion and contour completion, with smallest ΔRTs for both
global colours and global contours. For the slow response times, however, there
were no main effects. Instead, there was a clear interaction, revealing the
smallest ΔRTs for completions that had a global contour completion and a
global colour completion.
The above difference between the fast bin and slow bin for the long-occluder
comparison set reveals an unexpected twist. As shown in Table 1, given the
main effect of both contour and colour in the fast bin, it can be said that for fast
responses the fit between the colour/contour of the completed part and the
global colour-contour properties of the visible part plays a decisive role. For the
slow bin, the situation is different, as now the fit between the colour and
contour properties of the completed part appears crucial. We speculate that
initially, contour and colour completions are processed rather independently,
but that at a later moment contour and colour completions depend on each
other.
Given the different response patterns for the two time bins for the long-
occluder comparison set, it seems apparent that time-dependent differential
processing underlies the results. It is also good to realize that the current
differential effects show up after the relatively long presentation times of the
occlusion pattern (1000 ms and a mask of 300 ms). Still, the initial, fast
response times might be more perceptually driven, whereas the slow response
times are more likely to be influenced by cognitive evaluation. In our view,
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these differential effects may provide a stepping stone towards a fruitful future
research avenue. Note however, that a clear border between perceptual and
cognitive processes cannot be given here. In the past decades, there have been
discussions about the processing levels of amodal completion (see for example,
Chen et al., 2016; Ekroll et al., 2013; Hazenberg & van Lier, 2016; Kanizsa, 1985;
Kellman, 2001; Lee & Vecera, 2005; van Lier & Gerbino, 2015). Interpretations
of complex partly occluded shapes may deal with a mixture of completion
strategies in which both lower level and higher level processes have an
influence (see also Hazenberg & van Lier, 2016; Yun, Hazenberg, & van Lier,
2018).
In conclusion, we can say that both colour and contour properties play a role in
amodal completion. Previously found susceptibilities to global contour
regularities in amodal completion appear to hold for global colour properties as
well. The time bin analyses suggest that initially colour and contour contribute
independently to amodal completion, whereas at later moments the
congruency between colour-defined boundary and contour-defined boundary
plays a role.
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Note. The mirror images are not shown in this figure.
Appendices
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C H A P T E R
IV
Temporal properties of amodal completion: Influences of
knowledge
This chapter has been published as:
Yun, X., Hazenberg, S. J., & van Lier, R. (2018). Temporal properties of amodal
completion: Influences of knowledge. Vision Research, 145, 21-30.
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Abstract
We studied the influence of knowledge in the interpretation of partly occluded
objects. In the past decades, amodal completion has often been studied by using
abstract, meaningless outlines of rather stylistic, geometric shapes. It has been
recognized that smooth continuation of partly occluded contours behind an
occluding surface is a strong completion tendency. In the current study we
contrast this structurally driven completion tendency with knowledge driven
tendencies. We used a set of partly occluded well-known objects for which
structure-based completions and knowledge-based completions resulted in
either the same or different interpretations. We adopted the behavioural
primed matching paradigm to measure differential priming effects due to these
completion tendencies. Our results implied differential temporal properties for
structure-based and knowledge-based effects during perception of partly
occluded objects. Interestingly, knowledge has an influence as early as 150 ms
after the onset of the prime.




Objects are often partly occluded by other objects. Our brain, however, appears
to fill in the occluded parts, resulting in a complete object, a phenomenon that
has been referred to as amodal completion (Michotte, Thinès, & Crabbé, 1964).
An example of amodal completion is shown in Figure 1a. This occlusion pattern
could be interpreted in different ways. One possible interpretation would be of
a black occluder and a single rectangle (a1) formed by continuing the
horizontal lines. Another interpretation could include two small rectangles,
both partly occluded by the black occluder (a2). Considering all possible
interpretations, a1 seems most plausible, as it seems highly unlikely that two
separate objects would just happen to line up behind an occluder such that
their edges would appear perfectly collinear (see e.g., Michotte et al., 1964). In
the same way, the partly occluded horses (see Figure 1b), adapted from
illustrations by Kanizsa (1970), tend to be interpreted as a single elongated
horse (b1) even though it conflicts with our knowledge. The pattern appears
ambiguous as we know that usually horses are not elongated and are more
likely to have a shape as pictured in b2.
Figure 1. A partly occluded rectangle with two possible interpretations (a), and a partly
occluded horse with its two possible interpretations (b). The first interpretations (a1 and
b1) are preferred in both cases.
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This simple and elegant example hides a wealth of interesting issues. For
example, one may question whether knowledge is always overruled by
perceptual tendencies, or whether knowledge takes an effect at a later stage
and then competes with the perceptual output. Recently, it has been shown that
the perception of partly occluded objects can be modulated by our knowledge
of well-known objects (Hazenberg and van Lier, 2016, Vrins et al., 2009). Here
we aim to study the differential roles structure (i.e., stimulus properties) and
knowledge play during the formation of representations of the partly occluded
objects, measured at different moments in time.
Previous research on amodal completion provides various structure-driven
explanations based on specific structural properties of the partly occluded
shapes. For example, according to Kellman and Shipley (1991), completion
depends on relatability; two edges are considered relatable if they can be
connected by a smooth, monotonic curve. This idea is consistent with the
Gestalt principle of good continuation (see also Wouterlood & Boselie, 1992, for
another application of the good continuation principle in amodal completion).
In Figure 1, both interpretations a1 and b1 can be seen as a result of the good
continuation principle. Other approaches advocate the role of figural simplicity
and take more global figural properties into account such as symmetry (Buffart,
Leeuwenberg, & Restle, 1981), arguing that the simplest possible interpretation
is perceptually preferred (as derived from the global minimum principle,
Hochberg & McAlister, 1953). This idea was later extended by van Lier, van der
Helm, and Leeuwenberg (1994) who also indicated that visual processing of the
occlusion patterns evoke multiple completions, rather than a single completion,
accounting for both local and global figural properties.
In recent years, various studies support the notion that interpretations of partly
occluded objects do not merely depend on structure, but can also be influenced
by higher-level processing, including visual short-term memory (Lee & Vecera,
2005), temporal context (Plomp & van Leeuwen, 2006), and an explicit learning
task (Hazenberg, Jongsma, Koning, & van Lier, 2014). Recently, Carrigan,
Palmer, and Kellman (2016) showed that global completions are much less
precise than local completions, and argued that such completions are therefore
based on recognition from partial information of the occluded figures. Other
studies also probed the sensitivity to higher-level influences by using well-
known objects as stimuli. For example, Vrins et al. (2009) found that knowledge
of material properties (i.e., the relative hardness) affected amodal completion.
Recently, Hazenberg and van Lier (2016) chose two types of occlusion patterns
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as stimuli for which the completions varied with respect to the compatibility
with structure and knowledge. We will discuss this in more detail as the
present study extends on their findings.
The stimuli in Hazenberg and van Lier (2016) were designed such that a
completion could be structurally plausible, i.e., by a simple continuation of the
contours, or it could comply with our knowledge of the specific shapes. These
two tendencies could result in the same shape interpretation or in different
interpretations. For example, for the partly occluded banana in Figure 2a, the
interpretation based on a continuation of contours converges with knowledge
(as a banana is a well-known object). For the partly occluded apples in Figure
2b however, the continuation interpretation results in an anomalous elongated
apple (note that this completion is conceptually rather similar to Kanizsa’s
partly occluded horse, as in Figure 1b). We will hereafter use the term
convergent occlusion patterns to refer to stimuli for which knowledge and good
continuation lead to the same interpretation. We will use the term divergent
occlusion patterns to refer to stimuli for which knowledge and good
continuation lead to different interpretations. In the study of Hazenberg and
van Lier (2016), these kinds of partly occluded objects and completions were
presented in a sequential fashion while event-related potentials (ERPs) were
measured during the presentation of the completions (i.e., after removing the
black occluder). The authors found a late component (P3) in which knowledge
had an influence (violations of knowledge caused the largest P3) and an early
component (P1) without knowledge influence (violation of continuation caused
the largest P1). With that, the ERP results suggest that, at a certain point in the
microgenesis of occlusion interpretations, the influence of knowledge is
apparent.
Figure 2. (a) A convergent occlusion pattern, of which the continuation converges with
knowledge revealing the same completion. (b) A divergent occlusion pattern, of which the
continuation and knowledge diverge, resulting in different completions.
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In the study of Hazenberg and van Lier (2016), the ERPs were recorded after
the occluder was removed. In the present study, we explore what is actually
happening during the completion process itself by means of a behavioral
paradigm. In particular, we aim to investigate the time course of the influence
of knowledge by using the primed matching paradigm that was introduced to
the field of amodal completion by Sekuler and Palmer (1992). In the primed
matching paradigm, primes are briefly presented and then followed by a
matching task. The shapes in the matching task might have been completely
visible in the primes or they might have been partly occluded. This provides the
possibility to check whether a partly occluded shape has the same influence on
the matching task as fully visible shapes. If so, this suggests that the partly
occluded shape was amodally completed, having representational similarity
with the fully visible shape. As Sekuler and Palmer (1992) noted, by comparing
differential priming effects with specific prime durations, the paradigm enables
us to have ‘snapshots in time’ with regard to amodal completion (for various
applications and conclusions drawn from the paradigm see, for example, Bruno
et al., 1997, de Wit and van Lier, 2002, Sekuler, 1994, Sekuler et al., 1994, van
Lier et al., 1995, Vrins et al., 2009).
Note that the rationale of the primed matching paradigm resides in the
perceived similarity between the prime and the shapes presented in the test
pair. This similarity may be based on figural properties of the occluded prime
that suggests a good continuation-driven completion, but it may also be based
on the subjective, knowledge-driven interpretation of the occluded prime. In
other words, it is an open issue whether this similarity is the outcome of a
purely perceptual completion process or is the result of cognitive inference.
The advantage of the primed matching method is that it allows us to implicitly
test the representational similarity between the prime and test pairs at
different moments in time. In fact, our study focus on determining whether—
and if so, when— knowledge influences occur.
Experiment 1
The aim of this experiment was to disentangle differential effects of structure
and knowledge during the completion process by choosing a short (150 ms)
and long (500 ms) prime duration. Based on previous findings in Hazenberg
and van Lier (2016), we expected a separation between structure effects and
knowledge effects in the respective time windows.
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Participants
Thirty-five students (aged 18–35 years; 13 males) from the Radboud University
were paid 10 Euros or received course credit to participate in the experiment.
Participants all gave written informed consent and had no current or past
neurological or psychiatric illness. This study was approved by the local ethics
committee, in accordance with the declaration of Helsinki.
Stimuli and procedure
We adopted stimuli based on ten species of well-known fruits and vegetables,
the same as Hazenberg and van Lier (2016), see Figure 3. The stimuli comprise
two sets of images of fruits and vegetables, the convergent set and the
divergent set. In the convergent set good continuation and knowledge reveal
the same interpretation, while in the divergent set they reveal different
interpretations. As shown in Figure 4, for both the convergent and the
divergent set there were three different primes, the occlusion prime and two
Figure 3. All occlusion stimuli and completions in the convergent set (left) and the
divergent set (right) used in the experiment, derived from Hazenberg and van Lier (2016,
copied with permission).
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foreground primes. The Occlusion prime (to be referred to as Oc-prime) always
comprised an object of which the middle part was occluded by a black rectangle.
In the foreground primes the objects were positioned in front of the black
rectangle. The depicted objects complied with one of two possible occlusion
interpretations, i.e., either the continuous or the discontinuous completion.
Therefore, there were two different types of foreground primes, the
Foreground-Continuous prime (to be referred to as FC-prime), and the
Foreground Discontinuous prime (to be referred to as FD-prime). The latter
primes were used to test for basic priming effects.
Test pairs were presented by placing two shapes left and right of the center
fixation, with the black occluder placed at the bottom center of the display so as
to reduce possible disruption of the priming effect due to an apparent motion
effect, as reported in Sekuler and Palmer (1992) (i.e., from the black occluder in
the prime to one of the test shapes). For each prime, there were always two
Figure 4. An example of three primes with their match pairs in the Convergent set (a), and
the Divergent set (b). In both a and b, the left column consists of three types of primes:
occlusion prime (Oc-prime), foreground continuous prime (FC-prime), foreground
discontinuous prime (FD-prime), and the right column consists of two types of test pairs:
test pairs with shapes of continuous completion (C-pair) and with shapes of discontinuous
completion (D-pair).
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trials in which it was followed by a match pair, comprising two shapes of either
the continuous or the discontinuous completion, i.e., the Continuous test pair
and the Discontinuous test pair (to be referred to as C-pair and D-pair,
respectively). In addition, for each prime there were also two trials in which the
prime was followed by a non-match pair. In a match pair (the C-pair, or the D-
pair), both shapes were exactly the same (and of the same fruit/vegetable as
that was shown in the prime), whereas in a non-match pair the shapes were
different either in species (different fruits/vegetables), but using the same
completion type (e.g., “long banana” and “long apple”), or in completion type
but from the same species (“long banana” and “small bananas”). Following
previous investigations using the primed matching paradigm (e.g., de Wit, &
van Lier, 2002; Sekuler, 1994, Sekuler and Palmer, 1992, Sekuler et al., 1994),
only results on match pairs can be related to interpretations of the prime
stimuli. We therefore focus on the match trials in our experiments. Note that
the test pairs always comprise two shapes, irrespective of the type of
completion. Together, there are three crucial independent variables in our
experimental design: 2 stimulus sets (convergent, divergent), 3 prime types
(Oc-prime, FC-prime, FD-prime), and 2 test pair types (C-pair, D-pair).
Participants were seated in front of the monitor (75-Hz refresh rate). The
experiment was run using Presentation (Version18.1, Neurobehavioral Systems,
Inc.). Before the experiment, participants gave written informed consent, and
they indicated that they understood the instructions for the task.
Each trial started with a fixation cross that was presented for 800 ms on the
screen. After that, a blank screen was present for 50 ms, after which a prime (or
a black dot in the no-prime condition) remained on screen with a duration of
150 ms or 500 ms. After an inter-stimulus interval of 17 ms, the test pair
appeared and remained on the screen until the participants responded (see
Figure 5). After the response, the next trial started. The occlusion prime
subtended approximately 9 degrees. The shapes in the test pairs were
positioned left and right of the center of the screen. Participants were
instructed to rest their right and left index fingers on two buttons of the button
box. The task was to indicate if the two shapes in the test pair match (Yes/No)
by pressing a button as quickly as possible. The response keys were
counterbalanced between participants.
The experiment consisted of two parts, with prime duration of 150 ms in the
first part and 500 ms in the second part. For each part, there were 3 blocks and
960 trials in total. Trials were pseudo-randomized within each block.
Participants were instructed to have a rest both half-way and at the end of each
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block, and to continue with the test when they were ready by pressing any
button. Before the experiment, participants completed a practice block of 12
trials with prime duration of 150 ms to get familiar with the procedure.
Results
We calculated the priming effect (PE) by subtracting RTs in each prime
condition from the corresponding no-prime condition for any test pair (see
Equation (1)):
PE(Prime) = RT (No prime | test pair) – RT (Prime | test pair). (1)
In this way, the more positive the value (PE) is, the shorter the response time a
given test pair requires after seeing a particular prime. Before collapsing trials
across participants, we did an outlier detection as we observed a few
exceptionally long response times (e.g., 5180 ms, 8235 ms), which would
obscure the data. Apparently, participants seem to have become distracted
from the task during some trials. The outlier trials were identified by 2.5
Figure 5. An example trial of the primed matching paradigm with prime (e.g., the occluded
apple) in three experiments (prime duration: 150 ms and 500 ms in Experiment 1, 500 ms in
Experiment 2, and 100 ms in Experiment 3). In the no-prime trials the prime was replaced
by a black dot presented in the center of the screen. Note that the illustrations are not
exactly proportional to what was presented on the screen.
73ChapterIV
median absolute deviations from the overall median within each participant
(see Leys, Ley, Klein, Bernard, & Licata, 2013, for details of outlier
identification). In the first part of the test with 150 ms prime duration, the
average percentage of correct response trials across participants was 96%
(SD = 2.7%), of which about 7% (SD = 2.3%) of trials were excluded. In the
second part of the test with 500 ms prime duration, the average percentage of
correct response trials across participants was 95% (SD = 4.0%), of which
about 8% (SD = 2.2%) of trials were excluded. To check the influence of the
outlier exclusion as advocated in Leys et al. (2013) we also ran the analyses on
the raw data of the three experiments reported here. Doing this does not alter
our main results and conclusions. We come back to the raw data analyses in the
general discussion.
In Figure 6, the priming effects are presented for each prime duration (150 ms,
500 ms) and stimulus set (convergent, divergent) as a function of test pairs (C-
pair, D-pair) and prime types (Oc-prime, FC-prime, FD-prime) in four different
graphs (Figure 6a-d: 150-prime duration/convergent; 150-prime
duration/divergent; 500-prime duration/convergent; 500-prime
duration/divergent). The priming effects were calculated according to Equation
(1) using RTs in the no-prime conditions as a baseline. The RTs in the no-prime
conditions are as follows. For the 150 ms prime duration, in the convergent set,
the RTs to C-pair and D-pair are 511.491 ± 67.81 ms and 520.169 ± 69.94 ms,
respectively. In the divergent set, the RTs to C-pair and D-pair are
509.818 ± 69.95 ms and 511.943 ± 64.09 ms, respectively. For the 500 ms
prime duration, in the convergent set, the RTs to C-pair and D-pair are
497.286 ± 61.28 ms and 506.833 ± 61.22 ms, respectively. In the divergent set,
the RTs to C-pair and D-pair are 496.577 ± 66.18 ms and 496.160 ± 64.71 ms,
respectively.
For each of the mentioned subsets, we first performed a repeated-measures
analysis of variance (ANOVA) on the factors of Primes (3: Oc-prime, FC-prime,
FD-prime) × Test pairs (2: C-pair, D-pair), resulting in the following significant
results: (i) 150-prime duration/convergent (Figure 6a): main effect of Primes
[F(2, 68) = 13.453, p < .001, ηp2 = .284], interaction between Primes × Test pairs
[F(2, 68) = 38.715, p < .001, ηp2 = .532]. (ii) 150-prime duration/divergent
(Figure 6b): main effect of both Primes [F(2, 68) = 12.920, p < .001, ηp2 = .275],
and Test pairs [F(1, 34) = 16.803, p < .001, ηp2 = .331], interaction between
Primes × Test pairs [F(2, 68) = 46.244, p < .001, ηp2 = 0.576]. (iii) 500-prime
duration/convergent (Figure 6c): main effect of Primes [F(2, 68) = 5.941,
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p = .004, ηp2 = 0.149], interaction between Primes × Test pairs [F(2,
68) = 52.840, p < .001, ηp2 = 0.608]. (iv) 500-prime duration/divergent (Figure
6d): main effect of Primes [F(2, 68) = 8.524, p < .001, ηp2 = 0.200], main effect of
Test pairs [F(1, 34) = 8.280, p = .007, ηp2 = 0.196], interaction between
Primes × Test pairs [F(2, 68) = 25.043, p < .001, ηp2 = 0.424]. In the following,
we have a closer look at the pairwise interactions for each subset as they
actually reveal the representational similarities between the occlusion prime
and foreground primes.
Figure 6. Priming effects for the Convergent set (left column: a and c) and the Divergent set
(right column: b and d) with two different prime durations (top row: 150 ms; bottom row:
500ms) in Experiment 1. Error bars represent one standard error of the mean.
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150 ms prime duration
Convergent set. To examine the effect of different primes on the response times
to different test pairs in more detail, three follow-up 2 by 2 ANOVAs were
performed. First, comparing the effect of the two foreground primes (FC-prime
vs. FD-prime) revealed an interaction [F(1, 34) = 50.072, p < .001, ηp2 = .596],
showing that the primes had a differential effect on the test pairs. As expected,
the FC-primes resulted in faster response times to C-pairs compared to D-pairs,
t(34) = 4.514, p < .001, whereas FD-prime resulted in faster response times to
D-pairs compared to C-pairs, t(34) = 4.540, p < .001. Secondly, the Oc-prime had
a different effect on the test pairs compared with the FD-prime [F(1,
34) = 47.453, p < .001, ηp2 = 0.583]. Specifically, the Oc-prime facilitated C-pairs
relative to D-pairs, t(34) = 2.115, p = .042. This contrasts with the FD-prime
which, as mentioned, shows the opposite effect. Thirdly, the effect of the Oc-
prime also differed from the effect of the FC-prime [F(1, 34) = 7.574, p = .009,
ηp2 = 0.182]. It appears that, although both primes facilitate C-pairs relative to
D-pairs, this effect is larger for the FC-prime.
Divergent set. For the divergent set again three follow-up 2 by 2 ANOVAs were
performed. Comparing the effects of the two foreground primes again revealed
an interaction [F(1, 34) = 68.779, p < .001, ηp2 = 0.669]. For both the FC-prime
[t(34) = 3.857, p < .001] and the FD-prime [t(34) =  = 7.496, p < .001] the
priming effects were in the expected directions as well (see Figure 6b). Again,
the Oc-prime interacted with both the FC-prime [F(1, 34) = 40.696, p < .001,
ηp2 = 0.545], and the FD-prime [F(1, 34) = 12.280, p = .001, ηp2 = 0.265]. In
contrast to the convergent set, the Oc-prime revealed a higher priming effect
for the D-pair relative to the C-pair, t(34) = 4.311, p < .001.
500 ms prime duration
Convergent set. The effect of the two foreground primes again revealed an
interaction [F(1, 34) = 138.008, p < .001, ηp2 = 0.802]. The priming effects for
the FC-prime and the FD-prime were in the expected direction, t(34) = 3.333,
p = .002; t(34) = 6.204, p < .001; respectively (see Figure 6c). The Oc-prime
interacted with both the FC-prime [F(1, 34) = 5.019, p = .032, ηp2 = 0.129], and
the FD-prime [F(1, 34) = 47.791, p < .001, ηp2 = 0.584]. The Oc-prime did not
reveal any differential priming effect on the two test pairs, t(34) = 0.977,
p = .335.
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Divergent set. The effect of the two foreground primes again revealed an
interaction [F(1, 34) = 32.918, p < .001, ηp2 = 0.492]. Again, the priming effects
for the FC-prime and the FD-prime were in the expected direction,
t(34) = 2.640, p = .012; t(34) = 4.139, p < .001; respectively (see Figure 6d). The
Oc-prime interacted with both the FC-prime [F(1, 34) = 28.984, p < .001,
ηp2 = 0.460], and the FD-prime [F(1, 34) = 5.209, p = .029, ηp2 = 0.133]. Similar
to the 150-prime duration, the Oc-prime revealed a higher priming effect for
the D-pairs relative to C-pairs, t(34) = 3.515, p = .001.
Discussion
The results in Experiment 1 showed differential priming effects. Firstly, for
both prime durations (150 ms, 500 ms) and for both sets (convergent,
divergent) the foreground primes showed a facilitation for test pairs that
contain exactly the same shapes as seen in the foreground primes. In particular,
the FC-primes have a stronger facilitating effect on the C-pair, whereas the FD-
primes have a facilitating effect on the D-pair. This basic priming effect shows
the validity of this paradigm in our study. In other words, the paradigm does
what it should do: primes facilitate test pairs that contain exactly the same
shapes. With regard to the occlusion primes, the tendencies are opposed for the
convergent and divergent set. For the convergent set, the priming effect is
highest for the continuous completion (150 ms prime), which also complies
with the well-known completion (e.g., a normally shaped banana), whereas for
the divergent set, the priming effect is highest for the discontinuous completion
(both 150 ms prime duration and 500 ms prime duration), again complying
with the well-known completion (e.g., two normally shaped apples). This
pattern of results might be caused by differential knowledge-based influences
during the completions of the partly occluded objects in the primes.
However, before claiming that this result supports the role of knowledge at
early stages, there is a difference between primes and test pairs in the
convergent and the divergent set that we have to deal with. Given the nature of
the primed matching paradigm, there are always two shapes in a test pair that
have to be matched. Consequently, it may be that primes with two shapes (e.g.,
FD-primes) have an advantage over primes with just one shape (e.g., FC-
primes). The data of the foreground primes appear to confirm this. That is, for
both the convergent and the divergent set, the priming effects that FD-primes
have on D-pairs appear larger than the priming effects that FC-primes have on
C-pairs (see Figure 6). This shows that the priming effect is not only driven by
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the representational similarity between the partly occluded shape in the prime
and the shapes in the test pair, but perhaps also by the number of presented
shapes in the prime and the test pair. Because Oc-primes also consist of two
shapes (although separated by a black rectangle), similar effects may be
expected. For the divergent set, we indeed find that Oc-primes have a larger
priming effect on D-pairs compared to C- pairs. Thus, this effect can be
explained by both knowledge-based processing and by the number of
presented parts. However, if the latter would be the only factor driving the
observed effects, one would expect a similar pattern in the convergent set. This
is not the case, as for the convergent set Oc-primes induce a lower priming
effect for D-pairs compared to C- pairs. These opposite tendencies reveal that
an explanatory account that is solely based on the number of presented parts or
on completion by continuation cannot hold. Instead, knowledge of common
shapes of fruits and vegetables must have played a role in the priming effects.
That is, the differential priming effects indicate that knowledge has an influence
after 150 ms priming of the occluded objects. Note, however, that in the current
set-up the occlusion prime did not result in the same priming effects as the
foreground primes, for both the 150 ms prime and the 500 ms prime.
The results for the 500 ms prime are rather similar to the results of the 150 ms
prime. Noticeably, the effect for the convergent set seems somewhat weaker.
However, we need to be cautious here as the 500 ms prime blocks were all
presented after the 150 ms prime blocks. That is, compared to the 150 ms
prime duration, the 500 ms prime duration results might have been biased by
the more frequent exposure to the stimuli. Therefore, to exclude such a bias, we
repeated testing with only the 500-prime duration using the same number of
trials and blocks.
Experiment 2
The aim of this experiment was to exclude the possibility of an effect of
exposure frequency for the 500 ms prime duration in the second part of
Experiment 1.
Participants
Another twenty participants (aged 22–35 years; 3 males), students at the
Radboud University, were paid 7.5 Euros to participate in the experiment. All
78ChapterIV
participants gave written informed consent, and had no current or past
neurological or psychiatric illness. This study was approved by the internal
ethics committee, in accordance with the declaration of Helsinki.
Stimuli and procedure
The stimuli used in Experiment 2 are the same as Experiment 1 (see Figure 4).
The experimental procedure was exactly the same as the second part of
Experiment 1. The practice block was almost the same as Experiment 1, except
that the prime duration was 500 ms.
Results
According to the same criteria as Experiment 1, the average percentage of
correct response trials across participants was 98% (SD = 1.2%), of which
about 7% (SD = 2.7%) of trials were excluded.
In Figure 7 the priming effects for each prime are presented for each stimulus
set as a function of test pairs in two different graphs. RTs in the no-prime
conditions are as follows. In the convergent set, the RTs to the C-pairs and the
D-pairs are 483.020 ± 68.70 ms and 492.603 ± 71.03 ms, respectively. In the
divergent set, the RTs to the C-pairs and the D-pairs are 478.147 ± 70.80 ms
and 482.325 ± 62.85 ms, respectively. For each of these subsets we again first
performed an ANOVA on the factors of Primes (3: Oc-prime, FC-prime, FD-
prime) × Test pairs (2: C-pair and D-pair), with the following significant results:
(i) convergent (Figure 7a): interaction between Primes × Test pairs [F(2,
38) = 27.353, p < .001, ηp2 = 0.590]. (ii) divergent (Figure 7b): main effect of
both Primes [F(2, 38) = 4.626, p = .016, ηp2 = 0.196], and Test pairs [F(1,
19) = 13.462, p = .002, ηp2 = 0.415], interaction between Primes × Test pairs
[F(2, 38) = 30.381, p < .001, ηp2 = 0.615]. In the following, we have a closer look
at the same pairwise interactions for each subset as the Experiment 1.
Convergent set. The effect of the two foreground primes revealed an interaction
[F(1, 19) = 36.091, p < .001, ηp2 = 0.655]. Again the priming effects for the FC-
prime and the FD-prime were in the expected direction, t(19) = 4.370, p < .001;
t(19) = 4.079, p = .001; respectively (see Figure 7a). The Oc-prime interacted
with the FD-prime [F(1, 19) = 49.920, p < .001, ηp2 = 0.724], but not with the FC-
prime [F(1, 19) = 1.920, p = .182, ηp2 = 0.092]. Specifically, the Oc-prime
facilitated C-pairs relative to D-pairs, t(19) = 2.432, p = .025.
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Divergent set. The effect of the two foreground primes revealed an interaction
[F(1, 19) = 34.472, p < .001, ηp2 = 0.645]. Again, the priming effects for the FC-
prime and the FD-prime were in the expected direction, t(19) = 2.287, p = .034;
t(19) = 4.460, p < .001; respectively (see Figure 7b). The Oc-prime interacted
with the FC-prime [F(1, 19) = 50.222, p < .001, ηp2 = 0.726], but not with the FD-
prime [F(1, 19) = 1.327, p = .264, ηp2 = 0.065]. Again, the Oc-prime facilitated D-
pairs relative to C-pairs, t(19) = 5.290, p < .001.
Discussion
For the convergent set, the conjunction of a FC-prime × FD-prime interaction,
an Oc-prime × FD-prime interaction and no Oc-prime × FC-prime interaction
strongly supports ‘long banana-like’ representations for occlusion patterns. In a
similar way, for the divergent set, the conjunction of a FC-prime × FD-prime
interaction, an Oc-prime × FC-prime interaction and no Oc-prime × FD-prime
interaction strongly supports ‘two apples-like’ representations for occlusion
patterns. That is, after 500 ms, the occlusion prime interacts in a similar way as
Figure 7. Priming effects for the convergent set (a) and the divergent set (b) in Experiment 2.
Error bars represent one standard error of the mean.
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the prime comprising the well-known shapes and differs from the prime
comprising the anomalous shapes. The post hoc tests also revealed that
priming effects of the occlusion prime on the test pairs with the well-known
shapes is higher than that of the anomalous shapes. Thus, the current results
reveal a dominant role of knowledge in the completion process of partly
occluded objects about 500 ms after prime onset. Detailed implications will be
discussed in general discussion.
The results of Experiment 2 show that knowledge has a clear influence after a
prime with a 500 ms duration. The results of Experiment 1 showed that
knowledge influence was already apparent after 150 ms prime duration. To
push this lower limit a little further we conducted another experiment, now
having a prime duration of 100 ms.
Experiment 3
Participants
Another twenty-five students (aged 18–29 years; 11 males) from the Radboud
University participated in the experiment. One participant was excluded from
the analysis because of the low number of correct response trials, which
exceeded three standard deviations of the mean value across participants.
Inspecting the responses, it appeared that this participant was not matching the
test shapes (but possibly attempted to match the test shapes with the prime).
All participants gave written informed consent, and were paid a small amount
or received course credit. All participants had no current or past neurological
or psychiatric illness. This study was approved by the internal ethics committee,
in accordance with the declaration of Helsinki.
Stimuli and procedure
The stimuli used in Experiment 3 are the same as in Experiments 1 and 2 (see
Figure 4). The procedure was exactly the same as Experiments 2, except that
the prime duration was 100 ms.
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Results
The average percentage of correct response trials across participants was 96%
(SD = 2.3%). Using the same criteria as in Experiments 1 and 2, about 6%
(SD = 2.5%) of the correct response trials were excluded.
In Figure 8, the priming effects are again presented for the convergent and
divergent stimulus sets (Figure 8a-b: convergent and divergent). RTs in the no-
prime conditions are as follows. In the convergent set, the RTs to the C-pairs
and the D-pairs are 530.890 ± 220.86 ms and 535.235 ± 207.45 ms, respectively.
In the divergent set, the RTs to the C-pairs and the D-pairs are
526.184 ± 213.84 ms and 523.996 ± 206.99 ms, respectively. For each of these
sets, we again first performed an ANOVA on the factors of Primes (3: Oc-prime,
FC-prime, FD-prime) × Test pairs (2: C-pair and D-pair), with the following
significant results: (i) convergent (Figure 8a): main effect of Primes [F(2,
46) = 13.290, p < .001, ηp2 = 0.366], interaction between Primes × Test pairs
[F(2, 46) = 39.059, p < .001, ηp2 = 0.629]. (ii) divergent (Figure 8b): main effect
of Primes [F(2, 46) = 9.158, p < .001, ηp2 = 0.285], interaction between
Primes × Test pairs [F(2, 46) = 21.005, p < .001, ηp2 = 0.477]. In the following,
we have a closer look at the same pairwise interactions for each subset as in
Experiments 1 and 2.
Convergent set. The effect of the two foreground primes again revealed an
interaction [F(1, 23) = 68.468, p < .001, ηp2 = 0.749]. The priming effects for the
FC-prime and FD-prime were in the expected direction, t(23) = 4.946, p < .001;
t(23) = 5.146, p < .001; respectively (see Figure 8a). The Oc-prime interacted
with both the FC-prime [F(1, 23) = 21.343, p < .001, ηp2 = 0.481], and the FD-
prime [F(1, 23) = 20.862, p < .001, ηp2 = 0.476]. The Oc-prime did not reveal any
differential priming effect on the two test pairs, t(23) = 0.124, p = .902.
Divergent set. The effect of the two foreground primes again revealed an
interaction [F(1, 23) = 51.324, p < .001, ηp2 = 0.691]. The priming effects for the
FC-prime and FD-prime were in the expected direction, t(23) = 2.535, p = .019;
t(23) = 5.535, p < .001; respectively (see Figure 8b). The Oc-prime interacted
with both the FC-prime [F(1, 23) = 6.761, p = .016, ηp2 = 0.227], and the FD-
prime [F(1, 23) = 12.016, p = .002, ηp2 = 0.343]. Similar to the convergent set,




Consistent with both Experiments 1 and 2, foreground primes showed strong
facilitations for match pairs containing the same objects as foreground primes
in both sets. No such facilitation effects were found for Oc-primes. It seems that
100 ms is not enough for the completion process to arrive at a preferred
interpretation yet. At least, no clear evidence for structure effects or knowledge
effects during amodal completion can be detected in our design.
General discussion
By probing three different prime durations, we aimed to study temporal
properties in the completion of well-known objects. Our results showed
differential effects for the three prime durations on the two types of completion
(continuous versus discontinuous) with increasing prime durations. For the
100 ms prime duration, we found no clear evidence to draw any conclusions
with regard to the effects of knowledge versus structure. For the longer
Figure 8. Priming effects for the convergent set (a) and the divergent set (b) in
Experiment 3. Error bars represent one standard error of the mean.
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priming durations, a differential pattern emerged, revealing knowledge-based
influences at these durations. An important indication for the validity of the
paradigm is the observation that the two foreground primes (FC-prime and FD-
prime) and the two types of completion in the test pairs (C-pair, D-pair) always
interacted with each other. This confirms that the priming effects relate to
shape similarity, with the highest priming effects occurring when the shapes in
the foreground prime and the test pairs are the same. Having established this
basic interaction, the priming effects of the occlusion pattern are of interest.
The F-values and effect sizes for the interactions between the occlusion primes
and foreground primes are presented once more in Table 1 for three prime
durations (100 ms, 150 ms, and 500 ms). As previously mentioned, we also ran
analyses on the raw data and found almost the same result, besides one
interaction which appeared to be not significant (p = .074), indicated in Table 1.
Note that for the 500 ms prime duration, we used the results of Experiment 2 as
effects due to frequent exposure may have influenced the 500 ms condition in
Experiment 1.
What can clearly be seen from this table is the difference between the
tendencies for the convergent set and the divergent set with increasing prime
durations. Specifically, for the convergent set, the interaction between Oc-
prime and FC-prime observed at 100 ms becomes less strong at 150 ms and
eventually disappears at 500 ms (see also the decreasing effect size; note
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Table 1. F-values of the Interactions Between the Occlusion Primes and the Foreground Primes.
further that when using the raw data the non-significance already appears at
150 ms prime duration). In addition, the interaction between Oc-prime and FD-
prime becomes stronger with longer prime durations (see increasing effect
size). This shows that at 500 ms prime duration the partly hidden shape
functions as if it were a continuous shape (e.g., a normally shaped banana). For
the divergent set, this pattern is reversed. Here, the interaction between Oc-
prime and FC-prime becomes stronger with longer prime durations, while the
interaction between Oc-prime and FD-prime disappears at 500 ms. For this
pattern, the partly occluded shape eventually becomes functionally equivalent
to the discontinuous shapes (e.g., two normally shaped apples). Combined,
these results indicate a gradual tendency towards knowledge-based
completions.
To further compare the results of the experiments we have done an additional
analysis, combining data from three prime durations (100 ms, 150 ms, and
500 ms). First, we determined a measure of deviation (δPE) for each of the two
different foreground primes (continuous versus discontinuous). To do this we
calculated the absolute difference between the priming effects of the partly
occluded shape (i.e., the baseline prime) with each of the two foreground
primes (see Equation (2a), (2b)).
PE(Oc-prime, FC-prime) = ABS{[PE(Oc-prime | D-pair) - PE(FC-prime | D-pair)] -
[PE(Oc-prime | C-pair) - PE(FC-prime | C test pair)] }
(2a)
PE(Oc-prime, FD-prime) = ABS{[PE(Oc-prime | D-pair) - PE(FD-prime | D-pair)] -
[PE(Oc-prime | C-pair) - PE(FD-prime | C test pair)] }
(2b)
The smaller value of δPE in the above equations, the more similar the effects of
the occlusion prime and that particular foreground prime are, and the more
likely the partly occluded object in the occlusion prime is interpreted as the
completely visible object in the foreground prime. Therefore, for example small
values for (2a) suggest that Oc-primes are interpreted as continuous
completions, whereas small values for (2b) suggest discontinuous completions.
In Figure 9, we have plotted the difference between both δPE values (to be
referred to as ΔPE) in a single graph for the two stimulus sets with ΔPE = (2b) –
(2a).
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Figure 9 visualises different completion tendencies for the convergent set and
the divergent set, similar to our observations in Table 1. What can be seen in
the graph is that for the longer prime durations (150 ms and 500 ms) the
tendencies diverge. We conducted t-tests on the influence of the stimulus sets
(convergent vs. divergent) on ΔPE values for the three prime durations. This
revealed a significant effect of stimulus set for the longer prime durations
(150 ms and 500 ms), t(34) = 3.692, p = .001; t(19) = 3.318, p = .004;
respectively. No such effect of stimulus set was found with 100 ms prime
duration, t(23) = -0.385, p = .704.
All in all, we found that knowledge takes an effect as early as 150 ms after
prime onset. This complies with an earlier finding that knowledge of material
Figure 9. Differential preferences for continuous versus discontinuous completions for each
occlusion pattern (left: convergent set, right: divergent set) with three prime durations (100
ms, 150 ms, and 500 ms).
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hardness could affect the amodal completion of a notched circular slice after
150 ms (Vrins et al., 2009). These findings apparently extend the range of
amodal completion phenomena. As mentioned, there are various models on
amodal completion. Some of these models stress some kind of local
continuation under specific occlusion conditions (Fantoni and Gerbino, 2003,
Kellman and Shipley, 1991, Singh and Hoffman, 2001, Wouterlood and Boselie,
1992), while others advocate the influence of global regularities (Buffart et al.,
1981, Sekuler, 1994, van Lier et al., 1994), fuzzy regularities (van Lier, 1999) or
influences of 3D information (Ekroll et al., 2013, Tse, 1999, Tse, 2017, van Lier
and Wagemans, 1999). More recently, effects of previous exposure and of
learning on amodal completion have been shown (Hazenberg et al., 2014,
Plomp and van Leeuwen, 2006). The current findings further extend the
findings of Hazenberg and van Lier (2016), showing that knowledge can
influence the appearance of amodally completed objects. These results seem to
fit with other findings that visual perception does not solely rely on visual
mechanisms, but rather is modulated by previous experiences (Albright, 2012,
Hurlbert and Ling, 2005, Mast et al., 2001, Trujillo et al., 2010). Note however,
that our results do not exclude an initial perceptual process. The current results,
for example, would also comply with a two-stage process in which an initial
perceptual stage is later modulated or even overruled by knowledge.
In the past decades, there has been some debate whether various amodal
completion phenomena are truly perceptual or whether they are cognitive
(Carrigan et al., 2016, Kellman, 2001, van Lier and Gerbino, 2015). In our view,
the distinction between perceptual and cognitive stages in case of amodal
completion is still vague, certainly so at the brain level. Simple continuations of
contours are triggered relatively early and may appear more perceptual (even
young babies are sensitive to local good continuation; de Wit et al., 2008,
Johnson, 2004). Other completion tendencies, including knowledge-based
characteristics, may involve larger networks at later processing stages.
Obviously, drawing a line between perception and cognition should be done
with great care (see also Firestone & Scholl, 2016). In our view, the current
results support the idea that all kinds of stimulus aspects may trigger the
amodal content in which continuation, symmetry, or knowledge, gathered from
all ‘corners of the brain’ play a role and compete with each other. Perhaps this
flexibility is the system’s best way to deal with the unseen.
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The goal of the current thesis is to elucidate the underlying mechanisms of
perceptual appearances. To be specific, we aim to: (i) explore neural activation
related to either stimulus features or visual percepts in observing illusory
images; (ii) determine modulatory influences of stimulus features and
knowledge in the perception of fragmented retinal input. In Chapter II, we
compare event-related potentials when perceiving illusory images and non-
illusory images; in Chapter III, we study the mutual influence of colour and
form in amodal completion when dealing with fragmented visual input; and in
Chapter IV, we study the influence of knowledge at various stages in the
perception of amodally completed shapes. Research findings in this thesis
contribute to the above-mentioned research topics, and demonstrate different
temporal properties of both visual input effects and knowledge effects. Below, I
will summarize the behavioural and neural findings, and discuss directions for
future. In the last section of the discussion, I further extend on the notion of
amodal completion and how it relates to a wealth of perceptual phenomena.
Stimulus- and percept-related effects in Fraser-like displays
The visual system deals with huge streams of incoming information. It has been
known that specific neurons in the visual system respond selectively to the
properties of visual stimuli such as shape, colour and motion (for example, see
an overview by Grill-Spector & Malach, 2004). This may suggest that there is a
unique relation between the incoming signals and the actual percept. Actually,
this is not the case. For example, the same presented stimuli may give rise to
differential cortical activations related to different shape interpretations (e.g.,
Leopold & Logothetis, 1996), while other studies found that the neural
activation relied on the constant shape interpretation despite changes of
stimulus properties (e.g., Kourtzi & Kanwisher, 2000; Malach et al., 1995). One
research question arising here concerns the dissociation of stimuli-related
neural activation and percept-related neural activation. To address this
question, in Chapter II, we adopted the Fraser illusion figure and three
variations of this illusory display. Observations of participants’ behavioural
response show that two of these displays largely reveal a veridical spiral
interpretation or a veridical circle interpretation, whereas the other two
displays reveal illusory percepts of either a spiral (i.e., the Fraser illusion) or
concentric circles (i.e., the reverse Fraser illusion). The displays revealing
veridical percepts comprise locally parallel black and white elements, or
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‘untwisted strands’ as described by Fraser (1908). In contrast, the illusory
displays always comprise locally tilted black and white elements, or ‘twisted
cords’. The underlying perceptual mechanisms that trigger the Fraser illusion
and the reversed Fraser fit with many other orientation illusions described in
the literature. For example, Kitaoka et al. (2004) indicated that orientation
misperceptions are induced by the summation of local patterns’ misalignments,
such as each patch versus the adjacent cord in the Fraser illusion or each block
unit versus its adjacent line in the Café Wall illusion. All in all, such orientation
illusions show a determinant role of locally tilted patterns in the global
orientation distortion (Cowan, 1973; Fraser, 1908; Kitaoka et al., 2001; Morgan
& Moulden, 1986; Pinna & Gregory, 2002).
To obtain the temporal properties of stimuli-related processing and percept-
related processing, we compared the event-related potentials in a Stimulus
(circle, spiral) × Percept (circle, spiral) design. We expected an early effect of
stimulus-based processing, and a relatively late effect of percept-based
processing. We found no early stimulus effect (between 220–280 ms, only
marginally significant) over the posterior scalp, but indeed a late percept effect
(between 350–450 ms) over the anterior scalp. In addition, we found Stimulus
× Percept interaction effects at both time windows. Although our EEG results
are not in favour of a clear-cut distinction between stimulus-based processing
and percept-based processing when observing Fraser-like displays the results
partly reveals such distinctive processing stages. In an early time window, we
found that both the Fraser illusion and the reverse Fraser illusion elicited
higher voltages compared to circle stimuli / circle percepts. We suggest that the
higher featural complexity might explain this effect. That is, the twisted cords in
both illusory displays are more complex compared to the parallel cords in the
veridical displays. However, we did not find such an effect for spiral stimuli /
spiral percepts, which can be explained by the fact that spiral stimuli have a
higher complexity anyway. Taken together, all three displays except circle
stimuli / circle percepts comprise complex features.
The results of Figure 2 in Chapter II could be interpreted to reflect the degree
of certainty that participants have when responding to the stimuli. For example,
observing Figure 2 the high proportion of circle responses for the Parallel
Circles (i.e., the gray bar) is likely to reflect a high degree of certainty in that
specific response to the Parallel Circles. In a similar way, the proportion of
spiral responses for the Twisted Circles (i.e., the dark bar) reflects a high
degree of certainty in the illusory response to the Fraser illusion, and so does
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the illusory response to the reverse Fraser illusion. All together, the certainty in
specific response to the Parallel Circles is largest, followed by the illusory
response to the Fraser illusion, followed by the illusory response to the reverse
Fraser illusion. A similar pattern can be seen in the ERP’s of the early time-
window. Here circle stimuli / circle percepts also elicited lowest voltages,
followed by the Fraser illusion and the reverse Fraser illusion, see Figure 4A.
Thus, the results suggest that effect we found between 220-280 ms may be
related to the certainty in observing Fraser-like displays. However, note also
that certainty cannot be an overarching explanatory concept for all data points.
For example, the spiral stimuli / spiral percepts seems to trigger rather large
uncertainty (see Figure 2) but elicits intermediate ERP’s. As mentioned earlier,
in the early time window the order of the actual stimulus complexity seems to
fit best with the order of the height of the voltages, i.e., circle stimuli / circle
percepts; spiral stimuli / spiral percepts; circle stimuli / spiral percepts; spiral
stimuli / circle percepts.
In a later time window, a clear effect of Percept appeared at the anterior scalp,
suggesting a larger amplitude for spiral percepts than for circle percepts.
Previous studies on ambiguous figures have found that a late positive
component peaking after 300 ms was related to cognitive processing (Başar-
Eroglu et al., 1993; Kornmeier & Bach, 2005, 2006；Qiu et al., 2009). In our
study, the differential effect may be caused by the cognitive analysis or the
ongoing examination of the discrepancy between featural properties
representation and developing percepts. Note that the effect of Percept is
mainly driven by the illusory responses on the Fraser illusion. In general, we
found interaction effects at different cortical locations, i.e., an early interaction
effect at the posterior area and a late interaction effect at the anterior area. Our
results imply that possibly both stimulus-related processing and percept-
related processing are involved in different stages. This converges with findings
in early neuroimaging studies, which showed that neuronal activity in the
visual cortex is not solely the result from the visual feature processing, but also
from percept-related processing (e.g., Kourtzi & Kanwisher, 2001; Leopold &
Logothetis, 1996).
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Structural effects of surface colour and contour in amodal
completion
The visual system interprets the surroundings as three dimensional, based on
2D retinal images. In particular, the visual system fills in the missing and
hidden information, and generates complete rather than separated objects, i.e.,
so-called amodal completion. The process of amodal completion has been
found to depend on both local contour properties such as visible contours or
edges, and global contour and shape properties such as overall shape symmetry
or regularity (see for example, Chen et al., 2016; Plomp & van Leeuwen, 2006;
Sekuler, 1994; van Lier et al., 1995). However, the role that colours or surface
features play in amodal completion is still not clearly understood (Chen,
Glasauer, Müller, & Conci, 2018; Kellman & Shipley, 1991; Yin et al., 1997). In
Chapter III of this thesis, we investigate the roles of both colour and contour
properties in completing partly occluded shapes. We adopted occlusion
patterns consisting of local and global contour completions (similar to de Wit et
al., 2006), and added surface colour features such that both colour and contour
could be completed in a local or in a global fashion. Similar to de Wit et al.
(2006), we explore the effect of overall context by comparing two completions
that consist of exactly the same completed parts but different visible context
(see Chapter III for details). The crucial difference here is that the context is
not only provided by local versus global contour properties but also by local
versus global colour properties. We used a sequential matching task to measure
the preferred interpretations of the partly occluded shapes. Participants were
instructed to judge whether a test shape could be a previously shown partly
occluded shape.
We found a clear effect of global characteristics of both colour and contour
features in interpreting partly occluded shapes. It has been found that for
highly regular occlusion patterns the sensitivity to global contour properties is
higher than for local contour properties (e.g., de Wit et al., 2006; Sekuler et al.,
1994; van Lier et al., 1994). In our study, this is the case only when global
colour completions and global contour completions result into the same
interpretations. That is, global completions that involve the repetitions of both
colour and contour regularities fit best with the overall colour-shape context.
Our results also complement Yin et al.’s study (1997) who tested the local
completions of surface colour and contour. They found that the process of
surface completion integrates fragments with similar surface features (colours,
textures and colour gradients), which would then facilitate the process of
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boundary determination. We further investigated such influences of colour and
contour characteristics over time, and looked into the fast response times (1/3
fastest response times per subject) and the slow response times (1/3 slowest
response times per subject) separately. For fast response times, we concluded
that colour completion and contour completion were processed separately,
while for the slow response times it matters whether colour completion and
contour completion are compatible with each other. We speculate that
response time-dependent differential processes underlie the results. Initially,
for fast responses, the response might be more perceptually driven while the
slow responses are more likely influenced by cognitive evaluation, and
triggered the fit between colour completions and contour completions.
The notion of independent perceptual processes fits with various other models
and results. According to Grossberg and Mingolla's (1985a, 1985b) theory of
visual feature filling-in, there are two parallel but interactive processes: an
edge completion process of interpolation and extension and a surface
completion process of ‘spreading-out’ surface features in a bounded area. More
psychophysical and neurophysiological studies showed evidence supporting
such a model, in which surface filling-in and boundary completion are initially
separated but interact at later stages to compute visual shapes (for an overview
see Cox & Maier, 2015). That is, surface filling-in processes could solidify
boundary representations when boundaries are not resolved through contour
completions. In our study, colour and contour properties showed dynamic
influences in completing the partly occluded shapes. As mentioned, our findings
suggested two initially independent completion processes for colour and
contour (as revealed by the fast-response-time data), and mutual dependency
at a later moment as then the congruency between colour-defined boundaries
and contour-defined boundaries appeared to play a role (as revealed by the
slow-response-time data).
Our study demonstrated how surface colour completion and contour
completion proceed and interact with each other in interpreting partly
occluded shapes, which throws new light on the way visual information is
integrated when parts of the information are missing. To further test the
difference between immediate responses and delayed responses, it would be
interesting to test how simple response instructions would influence the
preferred completions, such as ‘respond as fast as possible (e.g., within 500
ms)’ versus ‘take your time’ (e.g., at least longer than 5 seconds). One may
assume that the longer response times reflect reasoning like processing or a
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kind of ‘completion problem solving’, as compared to the fast responses that
might be more perceptual. However, setting the demarcation line between
perception and cognition or seeing versus thinking, again, is not an easy or
straightforward task, and presumably the sequential matching task is not
optimal for that specific goal. One could even argue whether finding such a hard
boundary between perception and cognition is possible and a fruitful direction
to go. However, it is possible to investigate at what moment in time certain
factors play a role in amodal completion. For example, a behavioural technique
that is suitable to provide snapshots in time of the completion process is the
primedmatching paradigm, which was employed in Chapter IV.
Knowledge effects in amodal completion
In Chapter IV of this thesis, we made an attempt to find an answer whether -
and if so, at what moment in time - knowledge, besides local and global
structural features, plays a role in perceiving partly occluded objects. Our
results showed that knowledge already kicked in as early as 150 ms. We
adopted the occlusion stimulus set of Hazenberg and van Lier (2016),
displaying partly occluded fruits and vegetables. The stimulus set comprises
two subsets of occlusion stimuli, the structure-knowledge convergent set and
the structure-knowledge divergent set. To complete the partly occluded objects,
a structure-driven strategy would result in completions with a simple
continuation of the partly occluded contours and could result in, e.g., a normally
shaped banana or an elongated apple. These completions might fit or might not
fit with a knowledge-driven strategy (e.g., an elongated apple is incongruent
with our knowledge of apples). In a set-up in which the primed matching
paradigm (Sekuler & Palmer, 1992) was employed, one of three possible
primes (one occlusion prime, and two fully-visible or foreground primes) was
briefly presented and then followed by a matching task. In this task,
participants had to judge whether the two shapes (i.e., the test pair) match with
each other (yes/no). We recorded the participants’ response times to calculate
the priming effects (by comparison with a no-prime condition). In principle, if
the occlusion prime and the fully-visible prime reveal the same pattern of
priming effects in the task, the occlusion prime is considered to have a similar
representation as the fully-visible prime (Sekuler & Palmer, 1992). To capture
the time period required for structure and knowledge to take an effect in
amodal completion, we used three prime durations (100 ms, 150 ms, 500 ms).
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For the prime duration of 100 ms, no clear evidence for knowledge effects or
structure effects was detected in our experimental design. It appears that 100
ms is insufficient to achieve a final interpretation of the partly occluded well-
known objects. However, amodal completion effects have been found to be
dependent on the type of task. For example, Murray, Sekuler, and Bennett
(2001) found that a partly occluded rectangle could be completed as fast as 75
ms in a shape discrimination task. Thus, we cannot exclude the possibility of
earlier effects of structure and knowledge in amodal completion. In our priming
experiment, when prime duration lasted 150 ms, occlusion primes always
showed highest priming effects for the test pairs comprising knowledge-based
completions, no matter whether they converged with structure-based
completions. That is, to unfold the representations of partly occluded fruits and
vegetables, knowledge seems to take an effect as early as 150 ms after the onset
of prime. For the prime duration of 500 ms, occlusion primes showed similar
patterns of priming effects to the fully-visible primes, suggesting a clear and
overruling effect of knowledge in completing well-known objects at a later
stage. All in all, these results implied the gradually increasing role of knowledge
in completing partly occluded objects.
The results agree with Vrins et al. (2009) who also adopted the primed
matching paradigm and found similar results with a set of stimuli in which
knowledge about material hardness played a role (e.g. soft cheese versus hard
bricks and soft slices of cucumber versus hard coins). Their results indicated
that with a 150 ms prime duration, knowledge of material hardness influenced
the amodal completion of a notched circular slice (three-quarter cucumber or
three-quarter coin). Previously, it has been shown that interpretations of partly
occluded objects rely not only on local and global properties, but also on
higher-level processing such as temporal context (Plomp & van Leeuwen,
2006), visual short-term memory (Chen et al., 2016; Lee & Vecera, 2005), object
learning (Hazenberg et al., 2014) and object knowledge or familiarity
(Hazenberg & van Lier, 2016). These findings support that both low-level
featural processing and higher-level cognitive processing are involved in
amodal completion.
A next step could be to investigate which brain regions are involved in
structure-based versus knowledge-based completions. One method is to adopt
the repetition suppression paradigm (using fMRI), in which the BOLD
responses are suppressed when presenting repeated feature(s) to which the
neurons are tuned to (Grill-Spector, Henson & Martin, 2006). Here a prediction
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would be that structure-based completions reduce the BOLD response in
lower-level visual areas (V1, V2) whereas knowledge-based completions would
reduce the BOLD response in higher-level association areas or perhaps even
the in the lateral occipital complex (LOC). The LOC is of interest as it has been
found to be especially sensitive to shape interpretation (Kourtzi & Kanwisher,
2001). This idea has been explored in a pilot project by Nouwens (2020), using
the stimuli from Hazenberg and van Lier (2016). Another route would be to
employ ERP and source analysis. Previously, Murray, Foxe, Javitt, and Foxe
(2004) measured an early component peaking at 140–238 ms that was
sensitive to Kanizsa figures, and a subsequent component between 240-298 ms.
The source of the early component was localized in the lateral occipital
complex (LOC), and a later activation in V1/V2 which is likely modulated via
feedback connections from LOC (Murray et al., 2004). Similarly, one may
assume that when using occlusion stimuli in which both structural and
knowledge based completions are involved, early structural effects are seen in
V1/V2, and a knowledge-based effect in higher areas, and possibly causing
V1/V2 activations after that. An interesting further modulation would be to
distinguish between different types of knowledge: Knowledge based on life
long experience (such as the shape of banana’s) versus knowledge based on an
explicit learning task. The latter could be done by having a set of nonfamiliar
nonsense objects of which half of them are overlearned as part of an
experimental condition. Following earlier results on geometric patterns of
Hazenberg et al (2014) we would expect that explicit learning effects are
constrained by the perceptual fit of the non-occluded and the occluded
(amodally completed) parts (e.g. same colours, same contours).
Amodal completion: a remarkably versatile phenomenon
The goal of this last section is to provide a further overview on the
phenomenon of amodal completion. Amodal completion is part of our daily
perception, yet phenomenologically it is obviously different from the sensory
experience of colours and shapes that we really see, which, in fact, makes the
phenomenon so fascinating. The amodal completion process seems effortless
and is often taken for granted. Actually, as a primary process of the human
visual system, amodal completion develops in the early developmental stages.
It has been found that infants aged between 3.5 and 4.5 months have shown the
ability of interpreting partly occluded 2D objects (e.g., de Wit, Vrins,
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Figure 1. A reprint of René Magritte’s painting ‘The Blank Signature’, originally titled as
‘Le Blanc-Seing’ (1965).
Dejonckheere, & van Lier, 2008; Kellman & Spelke, 1983; Johnson, 2004), and
3D objects (e.g., Soska, Adolph & Johnson, 2010; Vrins, Hunnius & van Lier,
2011). Moreover, amodal completion has also been found in non-humans such
as monkeys (e.g., Bakin, Nakayama, & Gilbert, 2000; Fagot, Barbet, Parron, &
Deruelle, 2006), mice (e.g., Kanizsa, Renzi, Conte, Compostela, & Guerani, 1993),
chickens (e.g., Forkman, 1998; Regolin & Vallortigara, 1995), fish (Sovrano &
Bisazza, 2008), and pigeons (e.g., Aust & Huber, 2006; Nagasaka, Lazareva, &
Wasserman, 2007). The ability to fill the ‘gap’ for a continuous existence of
objects and other organisms has an obvious evolutionary advantage. All these
findings showed the fundamental nature of amodal completion. To emphasize
and showcase the diversity of amodal completion we finish this chapter by
briefly illustrating studies in domains such as art (e.g., Gillam, 2011; Kanizsa,
1985) magic tricks (e.g., Ekroll et al., 2013; Ekroll, Sayim, & Wagemans, 2017),
fashion (e.g., Morikawa, 2017; Kiritani, Kawasaki & Chang, 2018), or Chinese
language (e.g. Tsao & Liao, 2015).
Art
In artistic works such as paintings, occlusion is a strong monocular depth cue
that has already been applied in Egyptian drawings (e.g., Gillam, 2011). Just as
in real life, observers still have a completed representation of the occluded
parts and therefore interpret them as three-dimensional scenes, even though
the paintings are presented on flat media like paper or canvas. A remarkable
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case is portrayed in René Magritte’s (1965) painting ‘The Blank Signature’ (see
Figure 1). It is notable that this seemingly realistic painting actually contradicts
the realistic, as the horse and the trees are intertwined in an impossible way.
For Kanizsa (1985) the perception of a complete horse (and woman) was a
reason to claim that knowledge does not play a role in completion. At least the
conflicting, impossible, situation does not prevent completion to take place.
However, note that knowledge of the shape of horses and human bodies could
be in itself a trigger towards completion (see e.g., van Lier & Ekroll, 2019).
Magic
A similar tension between amodal completion and the real state of affairs can
be seen in 'magic'. A magician is an expert in hiding things without observers
being aware that something is hidden (e.g., a rabbit pulled out of a hat, which
was in fact hidden in the desk, underneath the hat). In other cases the magician
provides the illusion that something is partly occluded while it is not. An
apparent partly occluded object might then be amodally completed in a way
that conflicts with the real state of affairs - as there was no occlusion in the first
place. A demonstration of such an illusory occlusion and completion is the
magic knife-through-arm trick (Ekroll et al. 2017). In Figure 2A, an example is
given. It seems as if the knife painfully cut the lady’s arm. Obviously, this is an
illusion. The trick makes use of a large knife with a special blade with a hole in
it (Figure 2B). Given the situation in Figure 2A it is much more compelling to
Figure 2. Demonstration of knife-through-arm trick by Ekroll et al. (2017). The arm fits
into this hole (A), and the blade contains a hole (B).
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perceive a complete blade penetrating the arm, rather than completed arm
juxtaposed to a blade with a hole. The compelling tendency is due to various
converging factors: the simple linear continuation of the knife’s contours, our
knowledge of knifes and our knowledge of the relative material hardness (knife
blades versus arms). Note that even though we have learned the trick behind
such a performance, we cannot resist still seeing the illusory appearance.
Fashion
Fashion designers are often aware of the fact that specific type of clothes can
trigger specific impressions about the shape of the dressed person. Morikawa's
(2017) study drew attention to this. Morikawa used gray bars as an occluder to
cover different parts of human legs, such as ankles, knees and thighs. It turned
out that the estimated legs’ thickness was biased towards the thickness of the
visible parts of the leg. That is, the entire leg appears thin if the thin parts of the
leg (i.e., knees and ankles) are visible, while the entire leg appears thick if the
thick parts of the leg (i.e., thighs and calves) are visible, see Figure 3.
More recently, Kiritani, Kawasaki and Chang (2018) distinguished local and
global factors of clothing in biasing the slimness estimations of dressed humans.
Figure 4 shows the stimuli used in one of their experiments. The length of the
Figure 3. The perceived body shape highly depends on the position of the occluders and the
amodal completions behind the occluders. The lady on the left looks slimmer than the lady on the
right. Figure adapted from Morikawa (2017).
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skirt determines the visible body parts, while the clothes style (Group A versus
Group B) is concerned with the whole configuration. According to the study,
both skirt length (a local factor, triggered by the T-junctions) and clothes style
(a global factor) influence the slimness judgements, whereas the clothes style
played a more crucial role in determining the perceived slimness of human
body and was largest for the longest skirts. A control experiment with
geometrical shapes ruled out that the results were due to a size contrast effect,
which suggests that knowledge of the shape of human bodies played a role.
Chinese language
An accidental partial occlusion of a Chinese character can have serious impact
on its recognizability, much larger as compared to the partial occlusion of, e.g.,
an English word. Tsao and Liao (2015) studied partly occluded Chinese
characters and found that right-sided partly occluded traditional Chinese
characters required less time to recognize than the left-sided occluded ones
(Tsao & Liao, 2015). The reason is that the left side of the studied Chinese
characters contained the key components i.e., the so-called radicals of these
characters. They concluded that the recognition of partly occluded Chinese
characters involved not only the completion process of structural properties
(e.g., based on good continuation), but was also based on the meaning of the
visible components. This suggests that if the character’s meaning was clear
from the visible part it could suppress mere structural completion based on
Figure 4. The hand drawings of human figure in Kiritani et al. (2018), wearing either tight
skirts (Group A) or flared skirts (Group B). The human figure appears slimmer as the skirt
becomes longer (e.g., the last lady in each group appears slimmest), while also the ladies
in group B appear slimmer than those in Group A. though all the human figures are the
same size.
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continuation. Liao (2018) therefore advocated that especially for Chinese
product design potential partial occlusions (as displayed in Figure 5) of key
radicals should be avoided.
The above examples illustrate not only the diversity of the amodal completion
phenomenon, but also the commonality of the interplay between variables
mentioned earlier in this thesis (e.g., structure versus knowledge, local versus
global). Amodal completion appears to be an essential component of perception
which probably cannot be reduced to one single process (Thielen et al. 2019,
Gerbino et al. 2020, see also van Lier & Ekroll 2020). It is most likely a multifold
process involving bottom-up feature-based processing but also all kinds of
processing in which Gestalt like contextual effects and knowledge-based
processing play a role. Unravelling the true nature of amodal completion will be
an important step in unravelling the true nature of perception.
Conclusion
In this thesis we study perceptual appearances and how they can be influenced
by local features, global structure and knowledge. In Chapter II, we study
temporal properties of stimuli-related processing and percept-related
processing in observing Fraser-like displays. Results show that there was no
clear-cut segregation between such processing types. In Chapter III, the
influences of local and global colour and contour properties on amodal
completion of partly occluded geometric shapes are studied. The results show a
clear influence of these factors and an increased influence of reasoning like
Figure 5. Partial occlusion of Chinese characters can have large differential influences on its
recognizability depending on the specific parts that are being occluded (Figure adapted from
Liao, 2018).
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processing for longer response times. In Chapter IV, the influence of structural
factors and knowledge at different points in time on amodal completion, on a
set of well-known object is studied. From these studies we conclude that
knowledge may kick in as soon as 150 ms after presentation of the stimulus. All
in all, our results reveal the continuous interplay, and its evolvement over time,
between various factors in the construction of visual appearances.
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In dit proefschrift hebben we bestudeerd hoe perceptuele interpretaties en
verschijningsvormen beïnvloed kunnen worden door lokale kenmerken,
globale structuur en kennis. In Hoofdstuk I (de introductie) wordt daartoe een
eerste aanzet gegeven middels een bespreking van enkele relevante
bevindingen uit de literatuur.
In Hoofdstuk II hebben we de neurale correlaten bestudeerd die optreden bij
de presentatie van een bepaalde visuele illusie, de zogenaamde Fraser-spiraal
illusie, en drie andere ‘Fraser-achtige displays’, waaronder de nieuw
ontwikkelde ‘Reverse Fraser illusie’. In de Fraser-spiraal illusie lijken meerdere
concentrische cirkels perceptueel te bestaan uit een enkele spiraalvorm. In de
Reverse Fraser illusie is het omgekeerde aan de hand; een enkele spiraalvorm
wordt vaak gezien als een verzameling concentrische cirkels. In beide gevallen
is het percept duidelijk anders dan de werkelijke (fysieke) stimulus. De oorzaak
van het afwijkende percept ligt in de schuin georiënteerde lijnstukjes die in de
contour van concentrische cirkels (bij de Fraser illusie) en de spiraalvorm (bij
de Reverse Fraser) zijn opgenomen. In een EEG-experiment werden deze
stimuli, en twee varianten die doorgaans niet tot een illusoir percept leiden,
getoond aan proefpersonen. Zij kregen daarbij de opdracht om een ​ ​ oordeel
te vellen (‘spiraal’ versus ‘cirkels’) over elk van de gepresenteerde stimuli
terwijl tegelijkertijd het bijbehorende EEG-signaal werd gemeten. Hoewel de
EEG-gegevens stimulus-gebaseerde verwerking in het posterieure gebied in
een vroeg tijdvenster suggereren en percept-gebaseerde verwerking in het
latere tijdvenster, werd een algehele duidelijke stimulus-percept segregatie
niet gevonden vanwege extra interactie-effecten. In plaats daarvan wijzen de
gegevens, vooral in het latere tijdvenster in het anterieure gebied, op
differentiële verwerking voor de conditie waarbij concentrische cirkels als een
enkele spiraalvormworden gezien (d.w.z. de Fraser-illusie).
In Hoofdstuk III onderzochten we de invloed van structuureigenschappen bij de
totstandkoming van visuele interpretaties. We hebben dat gedaan aan de hand
van gedeeltelijk geoccludeerde 2D vormen. We waren daarbij geïnteresseerd in
de effecten van contour en kleur op de totstandkoming van de interpretatie van
de volledige vorm, dus inclusief het deel van de vorm dat achter de occluder
aan het zicht onttrokken was. Dit type aanvulling wordt ook wel amodale
completie genoemd. Met name met betrekking tot de effecten van kleur op
amodale completie was tot dusver weinig onderzoek verricht. Omdat modellen
voor amodale completie doorgaans gebaseerd zijn op extensies van lokale
en/of globale contourkenmerken hebben we dat onderscheid ook aangehouden
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voor kleurcompletie. In onze stimuli zijn lokale contourcompleties
geoperationaliseerd middels eenvoudige lineaire continuaties van de
gedeeltelijk geoccludeerde contouren. De globale contourcompleties zijn
daarentegen gebaseerd op vormregelmatigheden, meer in het bijzonder
symmetrie en herhaling. Zoals aangegeven, waren de stimuli zo ontworpen dat
ook de zichtbare, niet-geoccludeerde, kleur kan worden aangevuld op een
lokale of globale manier. De lokale en globale kleurcompleties konden daarbij
wel of niet congruent zijn met de lokale en globale contourcompleties. In het
uitgevoerde experiment hebben we de geprefereerde interpretaties van de
gedeeltelijk geoccludeerde vormen getest met behulp van een sequentiële
matchingtaak. De proefpersonen moesten daarbij beoordelen of een testvorm
wel of niet dezelfde kon zijn als de ​ ​ eerder gepresenteerde gedeeltelijk
geoccludeerde vorm. Het bleek dat interpretaties van gedeeltelijk
geoccludeerde vormen inderdaad afhankelijk zijn van zowel contour- als
kleurkenmerken. Aanvullende ‘time-bin’ analyses lieten vervolgens zien dat dat
ook het geval was voor de zeer snelle responsen. Voor de langzame responsen
speelde daarbovenop juist ook de congruentie tussen kleurcompletie en
contourcompletie een grote rol. Al met al lieten de resultaten een duidelijke
invloed zien van lokale en globale factoren, voor zowel contourcompletie als
kleurcompletie. Tevens was er evidentie voor redeneerachtige cognitieve
processen voor trials met duidelijk langere responstijden.
In Hoofdstuk IV hebben we ook de invloed van kennis onderzocht bij de
totstandkoming van visuele interpretaties. Meer in het bijzonder hebben we
daarbij de invloed van zowel structurele factoren als kennis op de amodale
completie van bekende objecten bestudeerd. In de afgelopen decennia was het
fenomeen amodale completie vaak bestudeerd door gebruik te maken van
abstracte geometrische vormen zonder specifieke betekenis. Daarbij is onder
andere gebleken dat een lineaire of anderszins vloeiende completie van de
gedeeltelijk geoccludeerde contouren vaak geprefereerd wordt. In de huidige
studie zetten we deze structuur-gebaseerde completie af tegen kennis-
gebaseerde completie. We hebben daarbij een set gedeeltelijk geoccludeerde,
bekende objecten gebruikt. De stimuli werden daarbij zo samengesteld dat
structuur-gebaseerde completies en kennis-gebaseerde completies
resulteerden in ofwel dezelfde objecten ofwel verschillende objecten. Om na te
gaan welke completies spontaan gegenereerd werden, hebben we het primed-
matching paradigma gebruikt. Met deze gedragsmatige experimentele methode
was het mogelijk om differentiële priming effecten als gevolg van de genoemde
completie-tendensen te testen. Door verschillende prime-tijden te hanteren
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was het ook mogelijk om dat op verschillende momenten in de tijd te bepalen,
kort na de presentatie van de stimulus. Onze resultaten toonden aan dat beide
typen completies (structuur-gebaseerde completies en kennis-gebaseerde
completies) een rol speelden, maar ook dat kennis al 150 ms na de presentatie
van de stimulus van invloed is bij de totstandkoming van een interpretatie.
In Hoofdstuk V, tot slot, worden nog verdere suggesties gedaan voor
vervolgonderzoek. Al met al laten de resultaten in dit proefschrift zien dat er
een voortdurend samenspel is tussen zogenaamde bottom-up en top-down
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